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Abstract 
The reduction of emissions of CO2 generated by vehicles according to the regulation 
of the EU drives the decrease of car weight. Therefore, high specific stiffness, 
strength and excellent fracture toughness of new structural materials are desirable. 
Recently, particle reinforced Al matrix composites (PAMCs) have attracted much 
attention since they combine the good ductility of the Al matrix with the high Young’s 
modulus and strength from the reinforcements. However, the main limitations to the 
application of PAMCs on a large scale in industry are the quite high production costs 
and their low ductility. The low ductility of current PAMCs can be attributed to the poor 
interface bonding between the reinforcement and the Al matrix and to an 
inhomogeneous particle distribution. Therefore, the aim of this work was to develop a 
highly efficient and low-cost fabrication method for preparing PAMCs with a uniform 
particle distribution and excellent interface bonding. 
In this work, the intermetallic phase Al3Ti formed by the reaction between Ti powder 
and Al melt was used as reinforcement of the Al matrix due to its high Young’s 
modulus, strength, hardness and low density. A melt stirring method was applied for 
preparing Al3Ti/Al composites with a rotor-stator high shear mixer combined with 
permanent mold casting. Firstly, the effect of a conventional mixer and the high shear 
mixer on the microstructure of the Al3Ti/Al composites was investigated. Subsequently, 
various Ti particles were investigated to select the optimal starting material for 
preparing Al3Ti/Al composites, followed by the investigation of different processing 
parameters. Thus, Al3Ti/Al composites with high particle contents could be produced 
and the microstructures and mechanical properties were characterized. 
The results show that in-situ Al3Ti/Al composites can be successfully prepared via the 
reaction between Ti particles and Al melt using a rotor-stator high shear mixer. 
Compared to a conventional mixer, the reaction rate and homogeneity of reinforcing 
particles are significantly improved. Hydrogen - dehydrogen (HDH) Ti powder is the 
preferable raw material due to a lower price and a higher reaction rate compared to 
gas atomized Ti powder. The higher reaction rate can be attributed to the higher 
specific surface of HDH Ti particles. Furthermore, the fine Ti powder is more 
appropriate as staring material for preparing Al3Ti/Al composites compared to the 
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coarse Ti powder due to the shorter reaction time. Additionally, an intermediate mixing 
speed is reasonable during the fabrication process since a lower mixing speed cannot 
solve the issue of particle agglomerations, which leads to a significant reduction of 
ductility of the Al3Ti/Al composite. Furthermore, a higher mixing speed leads to the 
severe air entrainment, and the homogeneity of particle distribution is similar to that 
produced with the intermediate mixing speed. The mechanical properties are 
enhanced obviously due to the refined grains of the Al matrix (a side effect of the 
formed Al3Ti particles) and the presence of reinforcing Al3Ti particles, which can be 
attributed to the homogeneous distribution of Al3Ti particles and the strong interface 
bonding between Al3Ti particles and Al matrix. 
  
III 
 
 
 
Zusammenfassung 
Die Reduzierung der CO2-Emissionen von Fahrzeugen gemäß der EU-Verordnung 
treibt die Verringerung des Fahrzeuggewichts an. Dafür sind neue Strukturwerkstoffe 
mit hoher spezifischer Steifigkeit, Festigkeit und ausgezeichneter Bruchzähigkeit 
erforderlich. In jüngster Zeit haben partikelverstärkte Al-Matrix-Composite (PAMCs) 
viel Aufmerksamkeit erregt, da diese Verbundwerkstoffe die gute Duktilität der 
Al-Matrix mit dem hohen Elastizitätsmodul und der Festigkeit der Verstärkungsphase 
kombinieren. Die Haupteinschränkungen für die Anwendung von PAMCs in der 
Industrie in großem Maßstab sind jedoch die recht hohen Produktionskosten und ihre 
geringe Duktilität. Die geringe Duktilität der aktuellen PAMCs ist auf eine schlechte 
Grenzflächenanbindung zwischen Verstärkungsphase und Al-Matrix und die 
inhomogene Partikelverteilung zurückzuführen. Ziel der Arbeiten war es daher, ein 
hocheffizientes und kostengünstiges Herstellungsverfahren zur Herstellung von 
PAMCs mit einer homogenen Partikelverteilung und exzellenter Grenzflächenbindung 
zu entwickeln. 
In dieser Arbeit wurde die intermetallische Phase Al3Ti, die durch die Reaktion 
zwischen Ti-Pulver und Al-Schmelze in-situ gebildet wird, als Verstärkung der 
Al-Matrix verwendet, da sie einen hohen Elastizitätsmodul, hohe Festigkeit, hohe 
Härte und niedrige Dichte aufweist. Zur Herstellung der Al3Ti/Al-Verbundwerkstoffe 
wurde das Schmelzrührverfahren unter Verwendung eines High-Shear Mixers 
(Rotor-Stator-System) in Verbindung mit dem Kokillenguss angewendet. Zunächst 
wurden die Vorteile des High-Shear Mixers gegenüber konventionellen Mixern 
herausgearbeitet. Danach wurden verschieden Ti-Pulver betrachtet, um das am 
besten geeignete-Ausgangsmaterial für die Herstellung von 
Al3Ti/Al-Verbundwerkstoffen auszuwählen, schließlich wurde die Auswirkung 
unterschiedlicher Prozessparameter untersucht. Unter Verwendung geeigneter 
Prozessparameter wurden Al3Ti/Al-Verbundwerkstoffe mit steigendem Partikelgehalt 
hergestellt und die Mikrostrukturen charakterisiert und mechanischen Eigenschaften 
ermittelt. 
Die Ergebnisse zeigen, dass in-situ Al3Ti/Al-Composite durch die Reaktion zwischen 
Ti-Pulver und Al-Schmelze mit dem High-Shear Mixer erfolgreich hergestellt werden 
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können. Durch Verwendung des High-Shear Mixers konnten die Reaktionsrate und 
die Homogenität der Partikelverteilung signifikant erhöht werden. Das 
hydrogen-dehydrogen (HDH) Ti-Pulver ist aufgrund des niedrigeren Preises und der 
höheren Reaktionsgeschwindigkeit im Vergleich zu gaszerstäubtem Ti-Pulver das 
bevorzugte Pulver als Ausgangsmaterial. Die höhere Reaktionsgeschwindigkeit ist 
auf die höhere spezifische Oberfläche des HDH Ti-Pulvers zurückzuführen. Darüber 
hinaus ist feineres Ti-Pulver aufgrund der kürzeren Reaktionszeit und der kleineren 
Endgröße der gebildeten Al3Ti-Partikel besser für die Herstellung von 
Al3Ti/Al-Verbundwerkstoffen geeignet. Eine optimale Rührgeschwindigkeit wurde 
gefunden. Bei niedrigeren Mischgeschwindigkeiten besteht das Problem der 
Partikelagglomerationen, was zu einer deutlichen Reduzierung der Duktilität des 
Al3Ti/Al-Verbunds führt. Eine höhere Rührgeschwindigkeit hingegen führt zu starken 
Lufteinwirbelungen und somit zu einer hohen Porosität im Gussteil. Die Homogenität 
der Partikelverteilung zeigt dabei keine Veränderung. Die mechanischen 
Eigenschaften werden durch die Kornfeinung in der Al-Matrix (einem Nebeneffekt der 
Al3Ti-Partikel) und die homogene Verteilung der verstärkenden Partikel deutlich 
verbessert. Die Al3Ti/Al-Verbundwerkstoffe zeigen ein duktiles Bruchverhalten, was 
sich auf die homogene Verteilung der Al3Ti-Partikel und die starke 
Grenzflächenbindung zwischen Al3Ti-Partikeln und Al-Matrix zurückführen lässt. 
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1 Motivation and objectives 
Vehicles are responsible for around 12% of the total EU emissions of CO2, the main 
greenhouse gas. According to the regulation by 2021, the average emission level of a 
new car is 95 g per kilometer. This means a fuel consumption of around 4.1 L/100 km 
of petrol or 3.6 L/100 km of diesel [1]. Therefore, the reduction of the weight for future 
cars is driven to decrease the emission of CO2, which leads to the continuous 
increase of applying lightweight materials in the space frame of cars. For example, the 
application of Al alloys in the body frame of cars to replace steel increased from 50 kg 
per car (1970s) to 140 kg per car (2012) [2]. The limitation of further applying more Al 
alloys in cars is due to the concern about stiffness since the Young’s modulus of Al 
alloys is only 1/3 of steels. As a result, metal matrix composites have attracted much 
attention since they can combine the excellent ductility of metals and the high Young’s 
modulus and strength of a second phase, generally ceramic particles. Figure 1.1 
shows the specific Young’s modulus against specific strength for different types of 
materials. Particle reinforced metal matrix composites (PMMCs) envelops ceramics 
and metals, which provides the promising properties for the application where high 
stiffness, strength and lightweight materials are needed. For the matrix, Al and Al 
alloys have obtained the most attention due to low density and good ductility. 
Furthermore, among various types of Al matrix composites, particle reinforced Al 
matrix composites (PAMCs) have been widely developed in the last few decades, due 
to the relatively low cost of fabrication process and raw materials and isotropic 
properties compared to long fiber reinforced Al composites. However, two main 
disadvantages restrict the application of PAMCs on a large scale to replace 
lightweight alloys in industry: (і) compared to lightweight alloys, the general production 
costs of PAMCs is still much higher. (іі) the ductility of PAMCs is much lower 
compared to the matrix alloys. This is the fatal drawback for them as structural 
materials. The reason why PAMCs show a relatively low ductility can be explained 
from two aspects: (і) the weak interface bonding between reinforcing particles and 
metal matrix due to total incoherent interface. (іі) the particle agglomeration leading to 
a local stress concentration. Therefore, intermetallic particle reinforced Al composites 
have obtained much attention due to their excellent interface bonding and good 
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wettability with the Al matrix. Among the intermetallic phases, Al3Ti is becoming a 
promising candidate to reinforce Al alloys owing to its low density, high Young’s 
modulus, high hardness, etc. [3 ]. Furthermore, the general starting material for 
forming Al3Ti phase with melt stirring method is Ti powder that owns good wettability 
with Al melt. Therefore, introducing them into Al melt is not an issue anymore. 
 
Figure 1.1 Specific Young’s modulus E/ρ plotted against specific strength σf/ρ of some common 
materials [4]. 
The main aim of this work is to improve the Young’s modulus of Al via preparing 
PAMCs with homogeneous distribution of reinforcing particles and excellent interface 
bonding strength via a low-cost and high efficiency melt stirring method. Meanwhile, 
maintaining the ductility of the Al composites to an acceptable level is also necessary. 
That means the significant decrease of elongation due to the addition of 
reinforcements needs to be controlled. Therefore, in this work, in-situ Al3Ti/Al 
composites were produced via reaction between Ti powder and Al melt with a 
rotor-stator high shear mixer. Firstly, the influence of different mixers on the 
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microstructure of composites was investigated. Subsequently, which type of Ti powder 
and which size of Ti powder were reasonable as starting material for preparing Al3Ti/Al 
composites were determined according to the microstructure and quantitative 
analyzing results. The influence of different processing parameters on the 
microstructure was investigated. Finally, according to the obtained appropriate 
processing parameters, Al3Ti/Al composites with high particle contents were prepared. 
The microstructure and mechanical properties including the Young’s modulus, tensile, 
compression properties and hardness were characterized.  
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2 Literature review 
2.1 Metal matrix composites (MMCs) 
Metal matrix composites are a combination of ductile metals and other materials with 
desirable mechanical [5,6] or thermal properties [7,8]. The properties of the MMCs 
can be tailored with various sizes, contents, morphologies and types of 
reinforcements. In this chapter, some basic knowledge regarding the MMCs is 
introduced. 
2.1.1 Classification of MMCs 
MMCs have several excellent properties, such as high specific stiffness, strength and 
improved wear resistance [9 ,10 ] compared to unreinforced alloys since MMCs 
combine the properties of the reinforcement and the metal matrix. Generally, 
according to the types of the selected metal matrix, MMCs can be classified into 
Aluminum, Magnesium, Titanium and Steel matrix composites etc. Table 2.1 lists main 
properties of some matrix materials. Moreover, the MMCs can also be classified 
according to the forms of reinforcements including continuous reinforcements (long 
fibers and sheets) and discontinuous reinforcements (short fibers, whiskers and 
particles), see Figure 2.1. 
Table 2.1 Properties of major matrix materials [11]. 
Material 
Density 
(g/cm3) 
Coefficient of thermal expansion  
(K-1) 
Melting point 
(°C) 
Young’s modulus 
(GPa) 
Mg 1.7 26.110-6 650 44 
Al 2.7 23.910-6 660 70 
Ti 4.5 8.810-6 1672 114 
Fe 7.8 12.110-6 1536 211 
Cu 8.9 17.110-6 1083 136 
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Figure 2.1 Classification of MMCs depending on the forms of the reinforcements [12]. 
Continuous long fibers reinforced metal matrix composites firstly attracted attention in 
the 1960s [13] when carbon and boron fibers reinforced metal matrix composites were 
prepared. However, the anisotropy of properties due to the directional orientation of 
fibers and the high cost of production restrict the further development of this type of 
MMCs. Afterwards, particle reinforced metal matrix composites (PMMCs) have given 
rise to the attraction because of isotropic properties, simple processing methods and 
the much lower production cost in contrast to continuous fibers reinforced metal 
matrix composites [14,15]. Generally, some ceramic particles with high Young’s 
modulus, strength, hardness and a relatively low density are suitable as candidates to 
reinforce matrix alloys and the size of these reinforcing particles can be varied from 
tens of microns to nanometers. Table 2.2 lists the properties of some common 
ceramic particles in PMMCs. 
Table 2.2 Properties of some common reinforcements [9-11].  
Material 
Density 
(g/cm3) 
Young’s modulus 
(GPa) 
Coefficient of Thermal expansion (CTE) 
(K-1) 
B4C 2.52 448 6.110-6 
SiC 3.21 420-450 5.410-6 
Al2O3 3.85 380-450 8.510-6 
TiB2 4.50 414 8.310-6 
TiC 4.92 450 7.610-6 
TiN 4.78 600 6.310-6 
AlN 3.25 275 2.510-6 
Si3N4 3.15 372 3.3-3.610-6 
cBN 2.07 400-900 0.2-2.910-6 
MgO 3.56 290 13.510-6 
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2.1.2 Interface of MMCs 
The interface between reinforcing phases and the matrices is very important for 
MMCs [16,17]. Across the interface there is a discontinuity in properties, such as the 
chemical composition, elastic modulus, coefficient of thermal extension (CTE) and 
thermodynamic properties. Therefore, the interface has a significant influence on the 
properties of the composites including Young’s modulus, tensile strength, ductility and 
fatigue resistance. An ideal interface in the MMCs should be clean with strong 
bonding between the reinforcement and the matrix in order to transfer the load from 
the soft metallic matrix into the strong reinforcements effectively [12]. 
In crystallographic terms, the interface between reinforcing phases and matrices can 
be considered as phase boundary, as the reinforcement and the matrix generally 
belong to different phases. The interface between the two phases can be coherent, 
semi-coherent or incoherent [18], see Figure 2.2.  
 
Figure 2.2 Interface of two phases: a) Coherent interface; b) Coherent interface with coherency strains; 
c) Semi-coherent interface; d) Incoherent interface [18]. 
A coherent interface arises when the two crystals match perfectly at the interface 
plane, so that the two lattices are continuous across the interface as shown in Figure 
2.2 a). Generally, the lattice parameters of the two phases are not the same although 
the two phases are identical in the crystallographic structure. Thus, in order to provide 
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continuity of lattice planes across the interface, the coherent interface will show some 
coherency strains associated with the interface because of the difference in the lattice 
planes of the two phases (see Figure 2.2 b). On the other hand, an incoherent 
interface consists of such severe atomic disorder that no matching of lattice planes 
occurs between the two phases across the interface as shown in Figure 2.2 d). 
Crystallographically, the interfaces of most of MMCs reinforced with ceramic particles 
are incoherent [12]. Another situation that is intermediate between coherent and 
incoherent is termed as semi-coherent interface. The semi-coherent interface has 
some lattice mismatch between the phases which can be accommodated by 
introducing dislocations at the interface (see Figure 2.2 c). 
Wettability is the ability of a liquid to spread on a solid surface and it also describes 
the extent of intimate contact between the liquid and the solid [12]. Generally, the 
contact angle is defined to indicate wettability according to the Young-Dupré 
equation [19]. Figure 2.3 shows the schematic of a liquid drop on a solid plate with the 
contact angle θ, where 𝛾𝑙𝑣, 𝛾𝑠𝑣 and 𝛾𝑠𝑙 are the interfacial energies between liquid 
and vapor, solid and vapor and solid and liquid. Perfect wetting is defined as θ = 0° 
and on the contrary, when θ equals 180°, no wetting will be obtained. For 0°< θ < 90°, 
it is termed as excellent wetting and on the other hand, poor wetting is defined as θ > 
90°. Moreover, it should be emphasized that excellent wetting does not necessarily 
mean strong interface bonding and as stated above that wettability only indicates the 
possibility of realizing an intimate contact between liquid and solid. Generally, 
wettability between reinforcing particles and matrices is quite important for preparing 
PMMCs with liquid methods, since the reinforcing particles can be incorporated into 
the melt easily if wettability between the reinforcements and the matrices is excellent. 
However, for most of conventional PMMCs, wettability is quite bad which leads to 
severe difficulties in producing PMMCs with liquid methods. Therefore, surface 
modification of the reinforcing particles or optimization of the melt composition is 
frequently utilized in the fabrication process. The specified solutions will be discussed 
in detail in section 2.2 of processing technology of PMMCs. 
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Figure 2.3 Scheme of defining the contact angle θ with a liquid drop on a solid surface [20]. 
An effective bonding between the matrices and reinforcing particles is also a basic 
requirement for composites besides the intimate contact between them. A strong 
bonding is necessary to transfer the load from the matrix to the reinforcement 
efficiently. Basically, there are two main types of interface bonding in MMCs: 
mechanical bonding and chemical bonding. 
Mechanical bonding exists in all types of MMCs, but the bonding strength is not high. 
This means that mechanical bonding cannot support and transfer a large load during 
the deformation of MMCs. Generally, mechanical bonding depends on surface 
roughness. Furthermore, due to the obvious difference in the coefficients of thermal 
expansion (CTE) of matrix and reinforcement, mechanical gripping of the 
reinforcement by the matrix will be formed due to shrinkage during the solidification 
process. The radial gripping stress σr can be correlated with the interfacial shear 
strength 𝜏𝑖 by the following equation [12]  
 𝜏𝑖 = 𝜇𝜎𝑟 (2.1) 
where μ is the coefficient of friction. 
Chemical bonding is another type of interface bonding and it is very common in MMCs 
since the high processing temperature and long processing time promote atomic 
diffusion or chemical reactions. Chemical bonding basically consists of the formation 
of semi-coherent or coherent phase boundaries or compounds resulting from the 
reaction between the reinforcements and matrix. Most MMCs systems are not 
equilibrium systems in term of thermodynamics. That means atomic diffusion or 
chemical reaction probably occurs during the fabrication process. For example, with 
regard to the most common PMMCs consisting of (SiCp/Al), the following reaction will 
occur if the contact time is long enough in the liquid fabrication process [21,22]: 
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 4𝐴𝑙 + 3𝑆𝑖𝐶 ↔ 𝐴𝑙4𝐶3 + 3𝑆𝑖 (2.2) 
The formed aluminum carbide (Al4C3) and silicon (Si) may deteriorate the mechanical 
properties of the MMCs due to the brittle nature of Al4C3 [23]. This reaction can be 
avoided by using an Al alloy with a high silicon content by controlling the chemical 
balance [24].  
Moreover, Al2O3 is a stable reinforcement phase in pure Al melt but actually will react 
with magnesium (Mg) which is a very common alloying element in Al alloys: 
 3𝑀𝑔 + 𝐴𝑙2𝑂3 → 3𝑀𝑔𝑂 + 2𝐴𝑙 (2.3) 
 3𝑀𝑔 + 4𝐴𝑙2𝑂3 → 3𝑀𝑔𝐴𝑙2𝑂4 + 2𝐴𝑙 (2.4) 
MgO forms at a high magnesium content and low temperature, while the spinel 
MgAl2O4 is generally formed at a low magnesium content [25]. Lee et al. [22] 
investigated the interface between Al-Mg alloy and oxidized SiC. The SiC particles will 
be covered with spinel layers and the Si phases were found according to the following 
reaction and reaction (2.4): 
 4𝐴𝑙 + 3𝑆𝑖𝑂2 → 2𝐴𝑙2𝑂3 + 3𝑆𝑖 (2.5) 
where SiO2 results from the heat treatment of SiC particles at 900 °C.  
Figure 2.4 shows a SEM micrograph of an A5083 Al alloy reinforced with 30 vol% 
oxidized SiC particles annealed at 525 °C for 3 h and corresponding EDX maps of 
some elements. MgAl2O4 layers around SiC particles (marked with the white arrow) 
and Si particles (marked with the black arrow) are found in the matrix [26].  
Moreover, the interface between B4C and Al has been also investigated by Viala et al. 
[27] and Zhang et al. [28]. The results indicate that some resultants, such as Al3BC 
and AlB2, Al3B48C are obtained via the reaction between B4C and Al at different 
processing temperatures. 
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Figure 2.4 SEM micrographs of an A5083 +30 vol% SiC-oxid Al composite annealed at 525 °C for 3 h 
and corresponding EDX maps of Al, Mg, O and Si [26].  
Table 2.3 lists interfacial reaction productions in some common MMCs. It is important 
to understand the feature of these products since they play a significant role in the 
final properties of the composites. On the one hand, the reactions sometimes are 
necessary and expected in the fabrication process as they can improve wettability and 
interface bonding strength between the reinforcements and matrices. On the other 
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hand, some reactions are not desirable because they can lead to some detrimental 
brittle products which can deteriorate the properties of the composites. 
Table 2.3 Interface reaction products in some common MMCs [12]. 
Reinforcement Matrix materials Reaction productions 
SiC Al Al4C3+Si 
Al2O3 Al-Mg MgO or MgAl2O4 
B Al AlB2 
B4C Al AlB2+Al3BC+Al3B48C2 
C Al Al4C3 
SiC Ti TiC, Ti5Si3 
2.1.3 Distribution of reinforcing particles 
The homogeneity of the particle distribution in the final microstructure is a significant 
factor for the resulting properties of PMMCs. An inhomogeneous particle distribution 
will lead to a decrease of tensile strength and ductility. Generally, the processing 
technology has a large influence on the particle distribution in the final components. 
For PMMCs produced with solid methods, the particle distribution will only depend on 
the blend process as well as the relative size of the matrix and the reinforcement 
powder. Inadequate blending time or a relatively large ratio of matrix powder and 
reinforcing powder can result in an inhomogeneous particle distribution in the final 
microstructure [29,30].  
In PMMCs fabricated via the melt stirring method, the particle distribution can be 
influenced by three stages: 
1) Distribution in the melt during the mixing process 
2) Distribution in the melt from stopping mixing to starting to solidify 
3) Redistribution in the solidification process 
Firstly, the mixing strategy is a key to prepare a melt with a homogeneous particle 
distribution. The type of the mixer, mixing velocity, the position of the mixer in the melt 
and mixing time as well as the particle concentration, particle density and particle size 
are main factors that need to be considered when fabricating PMMCs by melt stirring. 
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Therefore, a series of mixing parameters should be optimized in order to distribute the 
reinforcing particles homogeneously in the melt. To evaluate the particle distribution 
on a macroscopic scale, a particle dispersion number, PDN is defined, which is a ratio 
of the axial velocity of melt to the settling velocity of the particles [31]. If PDN is greater 
than 1, the settling velocity is smaller than the axial velocity of melt, and the particles 
will be carried to the top of the melt. On the other hand, if PDN is smaller than 1, the 
particles will remain at the bottom. For homogeneous dispersion PDN should be 
greater than 4 [32].  
Moreover, from a microscopic aspect, particle agglomerations will also lead to an 
inhomogeneous distribution of particles. According to Rumpf et al. [33], the adhesive 
strength of the particle clustering τc can be estimated by: 
 𝜏𝑐 =
9𝑉𝑝𝑛𝑏𝐹𝑏
32𝜋𝑟2
 (2.6) 
where Vp is the volume fraction of the particles, r is the radius of the particle, Fb is the 
average binding force of a single bond and nb is the average number of bonds per 
particle. It can be found from the equation that the finer the particle size, the larger the 
cohesive strength of clustering particles. However, finer reinforcing particles are 
preferred in preparing PMMCs since a higher strength can be achieved. Therefore, a 
higher shear stress (at least larger than the cohesive strength) is necessary when 
producing PMMCs with finer reinforcing particles. 
Secondly, particles tend to settle due to the gravity. This sedimentation of reinforcing 
particles governs the residual homogeneity of the particle distribution. Stokes 
equation [34] has been proposed to describe the settlement of a spherical particle in 
the melt: 
 𝑣 =
(𝜌𝑝 − 𝜌𝑙)𝑔𝑑𝑝
2
18𝜇𝑐
 (2.7) 
where v is the Stoke’s settling velocity, dp is the diameter of the particle, μc is the 
viscosity of the slurry with the solid particles, g is the gravity acceleration and ρp and ρl 
are the density of the particle and the liquid. With a higher volume fraction of particles, 
the interaction among particles also needs to be considered and this phenomenon will 
result in the decrease of the settlement velocity. Based on particles interaction, 
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Richardson and Zaki [35] proposed a hindered Stokes velocity vh: 
 𝑣ℎ = 𝑣(1 − 𝑉𝑝)
𝑛 (2.8) 
where Vp is the volume fraction of particles and n is an experimental constant. 
According to these two equations, a large particle size and density increase the 
settlement velocity, while high viscosity of the melt and high concentration of particles 
decrease it. In addition, it should be noted that equation (2.7) and (2.8) assume the 
settlement of spherical particles, but the shape factor also has an influence on the 
settlement velocity. Therefore, a correction factor [36 ] has been suggested for 
calculating the settlement velocity of particles with irregular shapes.  
During the matrix solidification process, the redistribution of reinforcing particles 
mainly depends on being entrapped or pushed when the solid/liquid interface 
approaches them. If the particles are entrapped, little redistribution of particles occur 
in the solidification process. Therefore, the particle distribution in the final component 
is similar to that in the melt. On the other hand, if the reinforcing particles are rejected 
by the solid/liquid interface, they will be redistributed and segregate in the last 
solidifying areas. Several theoretical models have been proposed to judge if the 
particles will be captured or pushed. Uhlmann et al. [37] and Pötschke et al. [38] have 
investigated the change of the free energy when the particles are transferred from the 
liquid to the solidified phase from an aspect of thermodynamics and indicated that the 
particle pushing would occur when 
 𝛾𝑝𝑠 > 𝛾𝑝𝑙 + 𝛾𝑠𝑙 (2.9) 
where 𝛾𝑝𝑠, 𝛾𝑝𝑙 and 𝛾𝑠𝑙 are the particle/solid, particle/liquid and interfacial energies. 
Wu et al. [39] introduced the contact angle (see Figure 2.5) based on the Neumann’s 
model, which makes the results easier to understand. The contact angle θ can be 
expressed by the following equation: 
 cos 𝜃 =
𝛾𝑝𝑙 − 𝛾𝑠𝑝
𝛾𝑠𝑙
 (2.10) 
Therefore, when 𝛾𝑠𝑝 < 𝛾𝑝𝑙, θ < 90°, the particle is captured by the solid/liquid interface. 
On the other hand, if 𝛾𝑠𝑝 > 𝛾𝑝𝑙, θ > 90°, the particle is rejected by the interface of 
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solid/liquid.  
 
Figure 2.5 Scheme of interactions between a particle and solid/liquid interface [39].   
Some authors suggest that if the growth velocity of the solid/liquid interface exceeds 
the critical velocity, the reinforcing particles can still be captured although the particles 
are pushed according to the previous models [37-39]. Uhlmann et al. [37] proposed an 
equation for the critical velocity vc by considering the diffusion in the liquid metal 
forming the gap between the particles and solid/liquid interface and solving the mass 
conservation equation and the chemical potential equilibrium condition in the gap. The 
equation is: 
 𝑣𝑐 = 0.5(𝑛 + 1)
𝐿𝑎0𝑉0𝐷
𝑘𝑇𝑟2
 (2.11) 
where n is a positive number near 4 or 5, L is the latent heat of fusion per unit volume, 
ao is the atomic diameter of the liquid metal, Vo is the atomic volume of the liquid, D is 
the diffusion coefficient of the liquid, r is the radius of irregularities on the particle 
surface, k is the Boltzmann constant, and T is temperature. According to 
equation (2.11), the critical velocity vc increase with the decrease of the reinforcing 
particle size, which means that the smaller the particle size, the higher critical velocity 
is needed. Therefore, an inspiration is that manufacturing technology with a high 
cooling rate may meet this critical velocity, which leads to the particle capture in a 
solidification process. Moreover, this equation does not consider the effect of the type 
of reinforcing particles. Theoretically, the type of reinforcements should have an 
important influence on the particle pushing or capture.   
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2.1.4 Effect of reinforcing particles on the nucleation of primary phases 
If the added solid particles can improve the heterogeneous nucleation of the matrix, 
the grain size of the matrix can be significantly refined. The heterogeneous nucleation 
energy is given by [40]: 
 ∆𝐺ℎ𝑒
∗ = ∆𝐺ℎ𝑜
∗ ∙ (
2 − 3 cos 𝜃 + cos3 𝜃
4
) (2.12) 
where ∆𝐺ℎ𝑒
∗  is the heterogeneous nucleation energy, ∆𝐺ℎ𝑜
∗  is the homogeneous 
nucleation energy and θ is the contact angle. When θ = 180°, the substrate particle 
cannot provide any help for the heterogeneous nucleation. When 90° < θ < 180°, the 
effect of improving heterogeneous nucleation is not obvious. Inversely, when 
0° < θ < 90°, the substrate particle can apparently enhance the nucleation of the 
primary phase. Generally, if the added particles can improve the nucleation of some 
phases, there should be several preferred orientation relationships between them. In 
addition, similar crystal structure and small lattice mismatch are also necessary. Table 
2.4 summarizes some research results regarding whether the reinforcement can 
become a nucleus for the -Al and Si phases of the casting Al alloys. For the primary 
α-Al, TiB2, TiC and Al2O3 particles can improve heterogeneous nucleation under some 
specific conditions. SiC particles are proved not to enhance nucleation. Inversely, for 
hypereutectic Al-Si alloys, SiC particles are able to be heterogeneous nucleation sites 
for the Si phases. 
Table 2.4 Influence of reinforcing particles on the nucleation of primary-Al or Si phase in Al alloys. 
System 
Primary 
phase 
Conditions Improving nucleation References 
SiCp/hypoeutectic Al-Si -Al - No [41] 
Al2O3/Al -Al Intensive mixing Yes [42] 
TiB2/Al -Al 
TiB2 without Al3Ti 
layer 
Yes, but quite weak [43] 
TiB2/Al -Al TiB2 with Al3Ti layer Yes [43] 
TiC/Al -Al - Yes [44] 
SiCp/hypereutectic Al-Si Si - Yes [41] 
SiCp/A356 Si - Yes [45] 
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2.1.5 Mechanical properties of PMMCs 
Young’s modulus 
Recently, more emphases have been focused on improving the Young’s modulus of Al 
alloys because the relatively low stiffness is a restriction to the application as 
structural materials at some rigorous situations. The Young’s modulus of PMMCs 
mainly depends on the volume fraction of the reinforcement and the intrinsic Young’s 
modulus of the reinforcing phase.  
In a first approximation, the Young’s modulus of PMMCs can be established by the 
rule of mixtures: 
 𝐸𝑐 = 𝐸𝑚𝑉𝑚 + 𝐸𝑝𝑉𝑝 (2.13) 
where Ec, Em and Ep are the Young’s moduli of the composite, the matrix and the 
reinforcement. Vm and Vp are the volume fraction of the matrix and reinforcement. 
However, the Young’s modulus of PMMCs is overestimated by using the rule of 
mixtures (2.13). For PMMCs, the Halpin-Tsai equations [13] are frequently used to 
predict the Young’s modulus: 
 
𝐸𝑐
𝐸𝑚
=
1 + 𝜉𝜂𝑉𝑝
1 − 𝜂𝑉𝑝
 (2.14) 
 𝜂 =
𝐸𝑓 𝐸𝑚⁄ − 1
𝐸𝑓 𝐸𝑚⁄ + 𝜉
 (2.15) 
 𝜉 = 2𝑠 (2.16) 
where ξ is an adjust parameter that depends on the aspect ratio s of reinforcing 
particles. The aspect ratio s is the quotient of maximum to minimum Ferret diameter. 
Furthermore, for s → ∞, the Young’s modulus of PMMCs tends to be the longitudinal 
Young’s modulus of long fibers reinforced metal matrix composites (FMMCs) in the 
fiber direction. The Hapin-Tsai equations can be expressed by the rule of mixtures, 
see equation (2.13). Therefore, the increase of s leads to an increase of the predicted 
values. For s → 0, the Young’s modulus of PMMCs tends to be the transverse Young’s 
modulus of FMMCs, which can be expressed by the following equation: 
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1
𝐸𝑐
=
𝑉𝑚
𝐸𝑚
+
𝑉𝑝
𝐸𝑝
 (2.17) 
Thereby, decreasing s leads to a decrease of the predicted values.  
Strength and ductility 
Owing to the addition of reinforcement particles, the tensile and compression 
strengthes will increase, while the ductility generally decreases. The changes of the 
tensile and compression strengthes and the ductility basically depend on the volume 
fraction of the reinforcing particle, particle size, morphology and homogeneity of the 
particle distribution. Chawla et al. [46] investigated the effect of volume fraction of 
reinforcing particles on the tensile properties. The results show that the yield strength 
and tensile strength increase with increasing the volume fraction of the particles. 
Moreover, tensile properties increase with the decrease of particle size due to the 
increase of particle fracture strength with the decrease of particle size [47]. The larger 
particles probably own the higher possibility to have obvious and severe defects 
inside them. Furthermore, a smaller particle size and a higher particle volume fraction 
can also result in increasing contributions of direct and indirect strengthening 
mechanisms. Similar results regarding the effects of particle content and size on the 
yield strength and tensile strength are obtained in [48-50]. 
Direct strengthening originates from the inherent properties of the reinforcement (high 
elastic modulus and tensile strength). Therefore, they can share the load during the 
deformation. Considering the sharing influence of reinforcing particles, the yield 
strength of a composites σcy can be estimated by the shear-lag equation [51]: 
 𝜎𝑐𝑦 = 𝜎𝑚(1 + 0.5 ∙ 𝑠 ∙ 𝑉𝑝) (2.18) 
where 𝜎𝑐𝑦 and 𝜎𝑚 are the yield strength of the composites and matrix, s is the 
aspect ratio of the particle and Vp is the volume fraction of the reinforcing particles.  
Indirect strengthening derives from the change of microstructure of the matrix and the 
increase of density of dislocations in the matrix. Some reinforcement particles can 
refine the grain size of the matrix materials and thereby improve the yield strength by 
grain boundary strengthening. The Hall-Petch equation [52] is used to correlate the 
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yield strength with the grain size: 
 𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ = 𝜎0 + 𝑘𝑑
−1 2⁄  (2.19) 
where d is the grain size and σ0 and k are constants which depend on the type of the 
material.  
Moreover, it is a very important feature that MMCs comprise of a high coefficient of 
thermal expansion (CTE) in the matrix and a relatively low CTE in the ceramic 
reinforcements. Therefore, the dislocation density will increase during the cooling 
process since plastic deformation occurs in the matrix. Generally, plastic deformation 
in the metal matrix leads to an increase of the dislocation density. The contribution to 
the increase of the yield strength due to the different CTE between the reinforcing 
particle and the matrix ∆𝜎𝐶𝑇𝐸 can be estimated by the following equations [53]: 
 𝜌𝑡ℎ =
12 ∙ ∆𝐶𝑇𝐸 ∙ ∆𝑇 ∙ 𝑉𝑝
𝑏 ∙ 𝑑𝑝 ∙ (1 − 𝑉𝑝)
 (2.20) 
 ∆𝜎𝐶𝑇𝐸 = 𝐴𝐺𝑏√𝜌𝑡ℎ (2.21) 
where ρth is the increased dislocation density, ∆CTE is the difference of the CTE of the 
reinforcing particles and the matrix and ∆T is the temperature change, b is the Burgers 
vector of the matrix, dp is the diameter of the reinforcing particle, A is a constant, and G 
is the shear modulus of the matrix.  
Additionally, for much smaller reinforcement particles (on a nanometer scale), the 
Orowan strengthening mechanism which describes the interaction between finer 
reinforcing particles and moving dislocations needs to be considered. However, for 
conventional PMMCs produced with melt stirring method, the Orowan strengthening 
mechanism is not a main contribution to the improvement of strength since the size of 
added reinforcements is larger on a micrometer scale [54]. 
The ductility of PMMCs can be influenced by several factors. Firstly, larger particles 
and a higher particle volume fraction can decrease the ductility of the PMMCs since 
the possibility of defects existing in the particles increases with the particle size. 
Furthermore, the higher particle volume fraction means more interfaces which provide 
more sites for void formation and shorten the distance of void coalescence. In addition, 
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the particle agglomeration is one more dominant factor to the ductility of composites. 
The severe particle agglomeration leads to a significant decrease of the elongation 
[55] since a high stress concentration is generated in the particle agglomeration areas. 
Therefore, particle fracture, decohesion of the interface and the void formation and 
coalescence in the matrix are prone to occur. 
Table 2.5 summarizes mechanical properties of typical MMCs produced by melt 
stirring method and powder metallurgy (PM). The Young’s modulus and tensile 
properties are increased significantly, and the ductility is reduced largely. MMCs 
produced by PM method shows better ductility compared to those produced with the 
melt stirring method. 
Table 2.5 Mechanical properties of some discontinuous MMCs [56-58]. 
Composition Method 
YS 
(MPa) 
UTS 
(MPa) 
Elongation 
(%) 
Young’s modulus 
(GPa) 
0% Al2O3/6061 
Melt stirring 
276 310 20,0 69 
10% Al2O3/6061 297 338 7.6 81 
15% Al2O3/6061 386 359 5.4 88 
20% Al2O3/6061 359 379 2.1 99 
0% Al2O3/2014 414 483 13.0 73 
10% Al2O3/2014 483 517 3.3 84 
15% Al2O3/2014 476 503 2.3 92 
20% Al2O3/2014 483 503 0.9 101 
0% SiC/A356 200 276 6.0 75 
10% SiC/A356 283 303 0.6 81 
15% SiC/A356 324 331 0.3 90 
20% SiC/A356 331 352 0.4 97 
0% SiCw/6061 
PM/Extrusion 
255 290 17.0 70 
20% SiCw/6061 440 585 4.0 120 
30% SiCw/6061 570 795 2.0 140 
20% SiCp/6061 415 498 6.0 97 
0% SiC/2124 
PM/Rolling 
425 474 8.0 73 
17% SiC/2124 510 590 4.0 100 
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2.1.6 Fracture behavior of PMMCs 
For Al matrix materials without any reinforcing particles, the fracture pattern is 
generally ductile. The fracture process can be split into three steps: void nucleation, 
void coalescence (crack formation) and crack propagation. Regarding PMMCs, the 
fracture process should be similar to matrix alloys since the introduced reinforcing 
particles can be seen as impurities or some discontinuous precipitation phases. 
Therefore, those reinforcing particles will generally become the sites for the formation 
of the void. The two dominant fracture models of PAMCs are particle cracking and 
decohesion at the interface between the matrix and the reinforcing particle. Figure 2.6 
shows the schematic of the mentioned two possible models of PMMCs failure. It can 
be found that the particle strength σp and interface strength of matrix/particle σinterface 
are important factors to determine which model dominates the fracture of PMMCs.  
  
Figure 2.6 Scheme of the two fracture models of PMMCs [12]. 
If σinterface is larger than σp, the fracture of PMMCs is dominated by the particle fracture. 
Inversely, if σinterface is smaller than σp, the decohesion at the interface will be the 
fracture mechanism of the PMMCs. Generally, particle fracture is the preferable failure 
mechanism of PMMCs since that means there is strong interface bonding between 
the reinforcing particles and the matrix, which can effectively transfer loads from the 
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matrix to the reinforcing particle. 
2.2 Processing methods of PMMCs 
The fabrication process is important for PMMCs since it significantly affects the 
properties of the final components. Many challenges occur during the manufacturing 
process, such as controlling the interface or improving the homogeneity of 
reinforcements in the matrix. In this section, processing methods of PMMCs are 
presented according to the source of the reinforcing particles, namely ex-situ or 
in-situ.  
2.2.1 Ex-situ methods 
Solid state processing 
Powder metallurgy (PM) is a common solid state method for preparing PMMCs. It 
involves blending of the reinforcement and matrix powder, cold pressing, vacuum 
degassing, hot compressing or sintering and final consolidation by hot extrusion, 
rolling, forging or some other hot working method. The PM methods have been 
successfully applied to the fabrication of various PMMCs, such as SiC/Al [59] and 
Al3Mg2/Al [60] composites. Furthermore, the effect of the particle size ratio [61,62] of 
starting materials has also been investigated. The results indicate that a large particle 
size ratio of the matrix and the reinforcement powder leads to an inhomogeneous 
distribution of reinforcing particles, which reduces the mechanical properties of the 
composites.  
Mechanical alloying (MA), as a special route to alloy powder, is used to prepare 
PMMCs at solid state. Basically, the MA process resembles the blending process of 
reinforcing matrix powder in the PM method. The difference is that a high energy ball 
mill device is applied for milling the two types of particles for a long time (20-30 h), 
followed by a consolidation process. With repetitive milling and collision of the mixture, 
the particle size can be further decreased to obtain PMMCs reinforced with fine 
reinforcing particles, such as B4C [63], SiC [64] and TiB2 [65].  
In conclusion, solid state methods allow various types of matrix alloys and reinforcing 
particles to be used in the process since the reaction between them are minimized 
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resulting from the solid-state raw materials. Moreover, solid methods can also 
produce PMMCs with a high volume fraction of reinforcement particles which can 
maximize the Young’s modulus of the PMMCs. However, some disadvantages are 
obvious, such as the relatively complex fabrication process and the restriction in the 
shape of the final components. As a result, these drawbacks prevent the wide 
application of PMMCs produced with solid state method in industry. 
Liquid state processing 
Pressure infiltration is a common liquid state method to produce PMMCs. Firstly, a 
prefabricated reinforcement preform is placed in a mold, and a liquid metal is poured 
on the surface of the preform. Subsequently, a ram is used to press the melt into the 
preform. Basically, the external force can either be applied from gas pressure or 
mechanical pressure. The melt solidifies under pressure by controlling the 
temperature of the mold to obtain the final composites. This method has been 
successfully applied to prepare various types of PMMCs, such as SiC/Mg, SiC/Al and 
diamond/Al [66-68]. The major advantages of this method include: PMMCs with a 
higher volume fraction of particles and a homogeneous distribution of the reinforcing 
particles can be produced. The porosity and other casting defects can be diminished 
since the solidification process is under pressure. However, the restriction of this 
method is that extra work has to be done in preparing the preform of reinforcing 
particles, which increases the fabrication time of the whole process.  
Melt stirring is considered as the simplest and the most economical route for 
producing PMMCs. Metal matrix ingots are melted in a furnace with protective gas 
before the melt is stirred with a mixer. The reinforcement particles are introduced into 
the melt with the help of the vortex at the surface. Afterwards, the mixed melt is casted 
into a mold. Many types of PMMCs have been produced with this method [69,70]. 
Alternatively, the particles can also be incorporated into the semi-solid melt that is 
obtained by controlling the melt temperature between liquidus and solidus. The 
semi-solid melt is beneficial for breaking up clusters of the particles due to mutual 
collision and friction between existing primary solid phases and agglomerated 
reinforcing particles. This method is termed as compo-casting [71-73] which also 
belongs to the modified melt stirring method. 
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Although the melt stirring method is an attractive way for fabricating PMMCs on a 
large scale in industry, several challenges need to be solved. Firstly, the poor 
wettability of the ceramic particles with the metal matrix leads to difficulties in 
introducing particles and getting a homogeneous distribution of particles. Therefore, 
some authors coat the particles with Cu [74,75], Ni [76,77] to improve the wettability. 
Flux salts, like K2ZrB6 and K2TiB6 [78,79] are used to form a layer at the surface of 
reinforcing particles, also resulting in enhancing the wettability. Secondly, long time 
stirring introduces a high amount of air into the melt, which leads to high porosity in 
the final casting components. Finally, PMMCs with a high particle content (>50 vol%) 
are not appropriate for this method since the high viscosity of the composite slurry 
makes the mixing and casting process difficult. 
Spray forming 
Spray forming has also been successfully applied for preparing PMMCs [80-82]. 
Reinforcing particles are introduced into the stream of melt which is subsequently 
atomized into droplets via inert gas flow. Afterwards, the sprayed mixture is collected 
on a substrate to build up a billet for the subsequent processing since the initial billet 
is only 95-98% dense. The short contact time of reinforcement particles and matrix 
droplets is an attractive feature since some detrimental reactions can be limited. The 
production cost lies between powder metallurgy and melt stirring [9].  
2.2.2 In-situ methods 
In-situ means that the reinforcements are formed in the metal matrix by reactions 
between the introduced elements, compound or between the matrix and the added 
elements or compounds. Compared to ex-situ PMMCs, in-situ PMMCs exhibit the 
following advantages: (a) the in-situ formed reinforcements show excellent thermal 
stability in the matrix resulting in less deterioration at elevated temperature situation; 
(b) the interfaces are clean and in tight contact, which can lead to a strong bonding; (c) 
the in-situ synthesized particles are finer in size and the size and concentration can be 
flexibly tailored throughout controlling the processing parameters and the ratio of raw 
materials. According to the initial states of reactants, it can be categorized into three 
types: solid-solid, solid-liquid and gas-liquid.  
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Solid-Solid reaction processing 
A reinforcing phase synthesized via solid reactants is termed as solid-solid reaction 
processing. Generally, reinforcing particles (TiB2 and TiC) are frequently obtained via 
this method. Kuruvilla et al. [83] have prepared in-situ TiB2 reinforced Al composites 
throughout the reaction between Ti and B powder. Firstly, Ti, B and Al powder are 
blended uniformly, followed by cold isostatic pressing and degassing in vacuum at 
450 °C for 1 h. Subsequently, the Ti-B-Al compact is heated up to 800 °C and held for 
15 min. Finally, TiB2 particles with a size of 1 μm are formed in the Al matrix. Similar 
results regarding in-situ TiC/Al composites have been found in [ 84 , 85 ]. The 
disadvantage of this method is high porosity within the components and therefore, an 
additional hot processing step is necessary to reduce the number of pores. Tee et al. 
[86] and Liang et al. [87] have also fabricated TiB2 and TiC reinforced Al composites 
by introducing compacted Ti-B-Al or Ti-C-Al preforms into Al melt. Then continuous 
mechanical stirring was applied in the melt and followed by conventional casting 
methods. Alternatively, the elements of reinforcing particles can also be from flux salts 
by a patented process technology termed flux-assisted synthesis [88]. As an example, 
mixed salts of K2TiF6 and KBF4 were introduced into a stirred Al melt with the Ti/B 
atomic ratio of 1/2. The reaction between the salts takes place according to the 
following reaction: 
 𝐾2𝑇𝑖𝐹6 + 2𝐾𝐵𝐹4 + 2𝐴𝑙 → 𝑇𝑖𝐵2 + 𝐾𝐴𝑙𝐹4 + 𝐾3𝐴𝑙𝐹6 (2.22) 
After the reaction, the slug including KAlF4 and K3AlF6 is removed and the melt is 
casted into a mold to obtain the casting component. Some examples regarding TiB2/Al 
composites fabricated with this method can be found in literature [89,90]. However, 
extra work is always needed for preparing Ti-B-Al or Ti-C-Al preforms, which 
increases production cost and reduces the fabrication efficiency. Furthermore, 
Koczak et al. [91] suggest that the nature of interface between the TiB2 particles and 
the Al matrix is unclear using flux salts as reactants due to the presence of other 
elements in the melt. That means these undesired elements probably contaminate the 
interface, thereby the effectiveness of the TiB2 particles on strengthening the matrix 
alloy is probably decreased. 
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Gas-liquid reaction processing 
Koczak and Kumar [92] have developed a patented gas-liquid reaction processing 
method, where TiC/Al composites are prepared via introducing a mixture gas of CH4 
and Ar into Al-Ti melt. The carbon from the CH4 can react with Ti to form TiC particles. 
With this method, TiC (0.1-3 μm) reinforced Al-4.5 wt% Cu and A2519 composites are 
successfully produced [93]. Besides TiC particles, AlN [94,95] particles can also be 
obtained throughout the reaction between N2 and Al. However, this method is 
generally time-consuming. A high processing temperature is also necessary for the 
material system of Al-Ti/C. Furthermore, it is difficult to control the porosity due to a 
continuous gas input. 
Solid-liquid reaction processing 
The solid-liquid reaction process refers to a fabrication technique where the 
introduced starting materials directly react with the matrix melt to synthesize 
reinforcements. Maity et al. [96] prepared in-situ Al2O3/Al composites with the reaction 
system Al-TiO2. TiO2 particles are slowly introduced into the melt at 700 °C throughout 
the vortex of the melt surface. After the reaction, Al2O3 particles with the size of 3 µm 
are formed in the matrix. Likewise, Nakata et al. [97] produced TiC, ZrC and TaC 
particle reinforced Al composites using the reaction between SiC or Al4C3 particles 
and carbide forming elements (Ti, Zr or Ta) in Al melt. However, the disadvantage of 
the above reaction systems is that the wettability between the reactant particles and 
Al melt is as poor as in the conventional ex-situ melt stirring method. That indicates 
that introducing the starting materials into the melt is still a challenging issue.  
In-situ intermetallic particle reinforced metal matrix composites 
Recently, intermetallic particle reinforced metal matrix composites [98-101] have 
attracted much attention due to the excellent properties of the intermetallic phases 
including high Young’s modulus, strength, good wettability and strong bonding 
strength between the intermetallic phases and the metal matrix. Furthermore, the 
intermetallic reinforcements result from the reaction between the added metal powder 
and the metal melt, which solves the issue of incorporating particles since the metal 
powder generally owns a good wettability with the metal melt. Table 2.6 lists general 
properties of some intermetallic phases. Among these phases, Al3Ti is the most 
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promising candidate as a reinforcement to enhance the specific Young’s modulus and 
strength of the Al matrix due to its high Young’s modulus and low density.  
Table 2.6 Properties of some intermetallic [3]. 
Intermetallic 
Melt temperature 
(°C) 
Density 
(g/cm3) 
Young’s modulus 
(GPa) 
RT tensile strength 
(MPa) 
Ni3Al 1397 7.5 179 200-900 
NiAl 1638 5.9 294 175-300 
Fe3Al 1380 6.7 141 350-800 
FeAl 1255 5.5 261 400-800 
Ti3Al 1680 4.1 145 700-900 
TiAl 1480 3.8 176 400-775 
Al3Ti 1350 3.4 216 120-425 
Figure 2.7 shows the Ti-Al phase diagram in which there are five types of Ti-Al 
intermetallic phases. Among them, Al3Ti, TiAl, and Ti3Al can be directly formed by the 
reaction between Ti and Al, while Ti2Al5 and TiAl2 can only be formed by a series of 
intermediate reactions, in which AlTi is the intermediate product [102]. 
 
Figure 2.7 Ti-Al phase diagram. 
Ti3Al is a main phase in Ti based alloys and the crystal structure is hexagonal with 
lattice parameters of 0.5729 nm (a) and 0.4574 nm (c) [3]. Ti3Al has attracted interest 
for research and development for aerospace applications due to its excellent high 
temperature properties and specific stiffness. The major weakness of this intermetallic 
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is low ductility due to its ordered structure. 
Similarly, TiAl is also an important intermetallic in Ti based alloys. The crystal structure 
is tetragonal with lattice parameters of 0.3997 nm (a) and 0.4081 nm (c) [3]. It can be 
considered as the most promising structural material for aerospace turbine 
applications due to the high melt point of 1480 °C, superior creep resistance and good 
oxidation resistance, etc.  
Al3Ti is a line compound with little off-stoichiometry. Recently, interest in intermetallic 
Al3Ti originates from the drive to develop high-performance lightweight materials 
because of its low density and high stiffness (see Table 2.6). The Young’s modulus is 
about 3 times of Al matrix materials and the density is only 26% higher than that of Al, 
which makes it suitable as a reinforcement in Al composites. Figure 2.8 shows the 
crystal structures of pure Al and Al3Ti, which are similar in several planes. The lattice 
constants of Al3Ti are 0.3849 nm (a) and 0.8610 nm (c), and for pure Al, the lattice 
constant (a) is 0.4049 nm [103].  
 
Figure 2.8 Crystal structures of Al and Al3Ti.  
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From a point of crystallography, it is widely believed that the refiner should have good 
lattice coherence with the matrix. The degree of lattice mismatch proposed by 
Turnbull and Vonnegut can be calculated by the equation [104]: 
 𝛿 =
|𝛼𝑠 − 𝛼𝑛|
𝛼𝑛
 (2.23) 
where s and n are the lattice parameters of the substrate particles and the 
nucleated phase. The degree of lattice mismatch 𝛿 must be less than 10%, then the 
refiner is effective [109].  
Figure 2.9 shows the atomic arrangements of pure Al and Al3Ti in several 
representative planes. To show the difference in the lattice constants more obviously, 
the atomic arrangements of Al3Ti in these representative planes are superimposed on 
the corresponding planes of pure Al (marked with dashed lines). The lattice mismatch 
between Al3Ti and Al in each plane is very small. 
 
Figure 2.9 Atomic arrangements of pure Al (marked with dashed lines) and Al3Ti in several 
representative plane (100), (001) and (110).  
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Table 2.7 summaries the calculated values of the lattice mismatches along the main 
directions in the representative planes. The calculated results show that the values of 
lattice mismatch are all less than 10%, which indicates that Al3Ti owns excellent lattice 
coherence with Al and therefore it can refine the Al matrix.  
Table 2.7 Calculated lattice mismatch δ values along the main directions in representative planes. 
Planes 
Lattice constants of Al3Ti 
(nm) 
Lattice constants of Al 
(nm) 
lattice mismatch δ 
(%) 
Al3Ti (100) ║ Al (100) 
[010]: 0.3849 
[001]: 0.8610 
[010]: 0.4049 
[001]: 0.8098 
4.9 
6.3 
Al3Ti (001) ║ Al (001) 
[010]: 0.3849 
[-100]:0.3849 
[010]: 0.4049 
[-100]: 0.4049 
4.9 
4.9 
Al3Ti (110) ║ Al (110) 
[110]: 0.5443 
[001]: 0.8610 
[110]: 0.5726 
[001]: 0.8098 
4.9 
6.3 
The major shortcoming of this intermetallic for Al composites is its needle-like 
morphology in the Al matrix using the conventional liquid metallurgy method. Figure 
2.10 shows the microstructure of the Al3Ti/Al composite resulting from an initial 
composition of Al-0.4 wt% Ti with a pouring temperature of 880 °C. The intermetallic 
Al3Ti is laminar, see Figure 2.10 a) and Figure 2.10 b), which generally deteriorates 
the mechanical properties due to its morphology. 
30                                                           2 Literature review 
  
Figure 2.10 Typical SEM micrographs of the Al3Ti/Al composites produced by the conventional liquid 
metallurgy method: (a) without etching; (b) deep etching; (c) Ti-Al phase diagram [105]. 
In the last few decades, many authors have tried to prepare Al3Ti/Al composites by 
various fabrication methods. Watanabe et al. [106-111] have successfully prepared 
functional graded Al3Ti/Al composites via centrifugal casting method. There is a wear 
resistant layer (clustering areas of Al3Ti phases) along the peripheral of the casting 
component and the grain size of the Al matrix can be decreased significantly. 
Moreover, the morphology of the Al3Ti particles is long blocky or needle-like due to the 
feature of the Al3Ti crystal structure.  
Additionally, Al3Ti/Al composites are produced by an in-situ solid-solid processing 
method [112-116]. A pre-mixed Ti and Al powder billet is firstly prepared by cold 
pressing and sintering. Afterwards, hot extrusion or another secondary processing 
technology is applied to densify the specimens. However, due to the low diffusion rate 
of the elements, it is difficult to convert all Ti particles to reinforcing particles in a short 
time. Recently, the friction stirring processing (FSP) has been applied for preparing 
Al3Ti/Al composites [117-120] to refine the Al3Ti particles and to short the longer 
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processing time based on the in-situ solid-solid processing. The mixed Al-Ti billet is 
prepared via cold or hot pressing. Subsequently, FSP is applied to the billet to 
accelerate the Ti-Al reaction and further refine the formed Al3Ti particles. The results 
show that Young’s modulus and tensile properties can be increased due to the refined 
grain size and a homogeneous distribution of Al3Ti particles. However, the 
disadvantage of FSP is that the complex shape components cannot be simply 
produced.  
Al3Ti/Al composites are also produced via the direct reaction between Ti and Al melt. 
The flux salt (K2TiK6) has been used to prepare Al3Ti/Al composites [121-124]. But 
considering the introduction of some unnecessary elements and removing the slag on 
the surface of the melt after the reaction, using Ti particles as the source of Ti seems 
to be the better way [125,126]. Figure 2.11 shows a scheme of the formation 
mechanism of Al3Ti particles by the reaction of Ti powder and Al melt. The solubility of 
Ti in Al melt is quite low in a melt temperature range of 720-810 °C according to the 
Al-Ti phase diagram (see Figure 2.7), so that a supersaturated solution is formed. 
Subsequently, these supersaturated Ti atoms react with Al to form the intermetallic 
Al3Ti phase at the surface of Ti particles by an exothermal reaction [127] due to its 
lower free energy of formation than the other Ti-Al intermetallic phases (TiAl and Ti3Al), 
which can also be directly formed by the reaction between Ti and Al [128]. As shown 
in Figure 2.12, there is a coexistence area of Al3Ti and Al melt in the considered melt 
temperature range. Therefore, Al3Ti nucleates and grows in balance with the 
saturated melt. Moreover, as the density of Al3Ti is lower than Ti, with the growth of 
Al3Ti phases a large volume expansion occurs, which causes tensile stresses [129] in 
the reaction layer, resulting in breaking up the brittle Al3Ti layer into small Al3Ti 
particles surrounding the residual Ti particle. Subsequently, with peeling off the 
formed Al3Ti particles from the surface of the Ti particles, the space is cleared for the 
formation of new Al3Ti particles till the whole Ti powder is completely consumed.  
Some authors also have applied ultrasonic vibration technology to prepare in-situ 
Al3Ti/Al composites with starting materials of Ti powder and Al melt [130-138]. The 
strong ultrasonic vibration can accelerate the reaction and break up clusters of Al3Ti 
particles. In section 2.3.1, the mechanism of ultrasonic vibration and its advantages 
and disadvantages will be discussed. 
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Figure 2.11 Formation mechanism of the Al3Ti phase by a reaction between Ti powder and Al melt. 
 
Figure 2.12 Coexistence area of Al3Ti and Al melt in Ti-Al phase diagram. 
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2.3 Advanced melt mixing technology in preparing PMMCs 
How to get a homogeneous distribution of reinforcing particles in the melt and final 
casting components is a bottleneck that restricts the development of PMMCs since an 
inhomogeneous particle distribution leads to a significant decrease of the ductility and 
strength. Therefore, some advanced melt mixing technologies are quite necessary for 
fabricating PMMCs. Ultrasonic vibration technology and novel high shear technology 
are widely used recently. In this section, the mechanisms of these two technologies 
are presented. 
2.3.1 Ultrasonic vibration technology 
Ultrasonic vibration can give rise to the liquid phase cavitation and acoustic streaming 
in the melt. The cavitation resulting from the formation of pulsating and imploding 
bubbles generates high local temperature and pressure surges. The pressure 
produced by cavitation easies the penetration of the liquid phase through very fine 
capillaries such as the gaps between the particles in agglomerates. Therefore, the 
ultrasonic cavitation relieves the agglomeration by the action of collapsing bubbles 
within the agglomerates. The ultrasonic vibration processing in the melt can be 
evaluated by the values of ultrasonic intensity, which is associated with liquid density, 
the speed of sound in the liquid, frequency and amplitude [139]. In addition, acoustic 
streaming induced by the cavitation region in the melt assists in distributing reinforcing 
particles in the liquid. Acoustic streaming is a kind of turbulent flow that is developed 
near various obstacles due to energy loss in the sound wave. The reinforcing particles 
can be distributed uniformly in the melt due to the turbulent flow produced by 
ultrasonic vibration. Figure 2.13 shows a scheme of breaking up particle 
agglomerations and distributing them uniformly in the melt with the ultrasonic vibration 
technology. Some PMMCs reinforced with nanoscale particles [140,141] have already 
been successfully prepared. With the help of ultrasonic vibration technology, 
reinforcing particles are distributed homogeneously to some extent. Therefore, 
mechanical properties are significantly enhanced. The disadvantage of ultrasonic 
vibration technology is that a homogeneous distribution of particles in the melt on a 
macro scale is probably difficult to be achieved due to the insufficient melt flow [142], 
which may lead to free of reinforcing particles areas in the final castings.    
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Figure 2.13 Scheme of ultrasonic vibration technology in breaking up agglomerated particles. 
2.3.2 High shear technology 
Another way to break agglomerated particles is applying a high shear stress on the 
clusters of reinforcing particles. It has been experimentally proved that slurries of 
PMMCs are shear thinning and thixotropic fluids [143] which means that the viscosity 
decreases with increasing shear rate and the viscosity of the slurry changes 
progressively to a stable value with the abrupt change of the shear rate. A high shear 
rate can result in high shear stresses and low viscosity for shear thinning fluids [143]. 
These two features are beneficial to obtain the slurry with a uniform distribution of 
reinforcing particles and a low viscosity.  
Figure 2.14 shows a scheme of some conventional mixers used for preparing PMMCs. 
The high shear zones exist near the tips of the mixers and the shear stresses are 
generally not enough to break up particle agglomerations. Therefore, some special 
designed devices have been used in conditioning the composite slurry prior to casting 
in order to break up agglomerated particles. Fan et al. produced SiCp/Al [144,145] and 
graphite/Al [146] composites with a twin-screw high shear device. The results indicate 
that the agglomerated particles can be broken up, which leads to an increase of 
tensile strength and elongation. Additionally, a rotor-stator high shear mixer (see 
Figure 2.15) has been applied in preparing PMMCs. Compared to some conventional 
mixers (see), the more intensive shear effect can be achieved due to the special 
geometry structure of the high shear mixer. The narrow gaps between the rotor and 
the stator and the areas inside the small holes in the stator can provide a high shear 
stress. Biodegradable nano-sized β-TCP/Mg composites [ 147 ] and SiCp/Mg 
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composites [148] have been produced with the rotor-stator high shear mixer. The 
results show that the particle agglomerations can be relieved which leads to an 
improvement of the tensile strength and elongation. Refined grains [149-151] were 
also obtained by using the rotor-stator high shear mixer to condition Al or Mg alloy 
melts since the oxidation layers are broken up into fine oxide particles, which can 
provide effective sites for heterogeneous nucleation. The rotor-stator high shear mixer 
can provide higher shear stress and more intense macroscopic flow of the melt 
compared to the conventional mixers due to a high rotation speed of the rotor up to 
10000 rpm. These features are very appropriate for preparing PMMCs by liquid 
methods.  
 
Figure 2.14 Scheme of some conventional mixers [152-154]. 
36                                                           2 Literature review 
 
Figure 2.15 Scheme and photograph of the rotor-stator high shear mixer. 
In this work, in-situ Al3Ti/Al composites were prepared using the rotor-stator high 
shear mixer. The high shear stress and intensive macroscopic flow are able to 
accelerate the reaction rate and improve the homogeneity of the particle distribution. 
A series of effects of parameters on microstructure and mechanical properties were 
investigated. The major aim of this work was to explore the feasibility of this 
manufacturing technology for the production of Al3Ti/Al composites and thereby 
provides some basic knowledge and experience for further investigations.  
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3 Experimental procedure 
3.1 Fabrication of Al3Ti/Al composites 
3.1.1 Starting materials 
Two types of Ti powder were used as starting materials to prepare Al3Ti/Al composites. 
One was gas atomized Ti powder from TLS Technik GmbH & Co. Spezialpulver KG 
(Bitterfeld, Germany) with a size range of 45-105 µm. The other one was 
hydrogen-dehydrogen (HDH) Ti powder from Active Metals Limited (Sheffield, United 
Kingdom) with a size less than 100 µm. For the production process of HDH Ti 
particles, a hydrogenation step is used to embrittle Ti granules, which crushes and 
mills them into powder easily, followed by a dehydrogenation step to purify the powder. 
Table 3.1 lists the compositions of two types of Ti powder from the datasheets of 
manufacturers. The matrix material was pure Al with a purity of 99.98 wt%.  
A laser diffraction particle size analyzer (Mastersizer 3000) was applied to measure 
the size distribution of the sieved Ti powder. The value of dV (50) (50% accumulative 
percentage of volume) was used as the average size of the measured Ti powder. Due 
to the irregular morphology of HDH Ti particles, the diameter of an equivalent sphere 
(the same volume as measured irregular Ti powder) is utilized to represent the size of 
it.  
Table 3.1 Compositions of Ti powder (wt%) from datasheets of manufacturers. 
Ti powder Al V Fe Si O C N H Ti 
Gas atomized - - 0.05 <0.01 0.11 0.01 0.04 0.005 Balance 
HDH 0.27 <0.11 0.18 <0.05 N.A. <0.10 N.A. N.A. 97.7 
3.1.2 Vacuum heating treatment of HDH Ti particles 
Due to the characteristic of the fabrication process, the hydrogen content in HDH Ti 
particles is high, which results in a high porosity in the final castings as hydrogen is 
the main source of pores for Al castings. Therefore, removing the residual hydrogen in 
HDH Ti powder is necessary before introducing into Al melt. In a tube furnace, 60 g Ti 
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powder was held at 600 °C for 2.5 h under a pressure of 10-6 mbar, followed by 
cooling down under same vacuum conditions. Storage of the treated powder was in 
an airtight container to prevent contamination due to air humidity.  
Figure 3.1 shows thermal gravity analysis-mass spectrometry (TGA-MS) results 
regarding HDH Ti particles before and after the vacuum heat-treatment. After the 
vacuum heat treatment, there is no reduction of relative mass and no peak of H2, 
which indicates that the residual hydrogen in HDH Ti powder resulting from the 
production process is totally removed by the vacuum heat treatment. In this work, all 
utilized HDH Ti particles were treated with the mentioned vacuum heating. 
 
Figure 3.1 TGA-MS results of HDH Ti particles before and after vacuum heat-treatment: a) TGA; b) MS. 
3.1.3 Preparation of Al3Ti/Al composites by high shear mixing  
Figure 3.2 shows a photograph and a scheme of the experimental set-up. The mixer 
is connected to a motor and inserts into a heater which is controlled individually 
(maximum 800°C). Throughout the control panel of the motor, the rotation speed, 
mixing time and the position of the mixer in the melt can be set. Ar gas (≥ 99.996 vol%) 
was introduced to the surface of the melt to prevent from oxidation. A thermal couple 
was used to measure the real-time melt temperature. The melt temperature was 
saved by a data recorder (LR8410, HIOKI, Japan). 
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Figure 3.2 Experimental set-up a) and scheme b). 
Figure 3.3 shows the two types of mixer applied in this work. The left side shows the 
lower part of the rotor-stator high shear mixer with several radial holes in the stator 
and a four-bladed rotor inside. The high shear mixer is from Zyomax Limited, United 
Kingdom. Figure 3.3 b) shows a four-bladed conventional mixer without the stator, 
which is modified based on the high shear mixer.  
 
Figure 3.3 Lower part of the rotor-stator high shear mixer a) and the four-bladed conventional mixer b) 
Figure 3.4 shows a scheme of the whole fabrication process including mixing and 
casting processes. The process started with melting 1 kg of pure Al ingot in a crucible 
at 800 °C in an external resistance furnace. Subsequently, the crucible with melted Al 
was transferred inside the heater of the experimental set-up. After immersing a 
designated mixer (the high shear mixer as an example in the scheme) into Al melt, it 
was switched on to the pre-determined rotation speed. When the melt temperature 
reached the expected value, Ti powder wrapped in Al foil was introduced into Al melt. 
After mixing for a given time, the melt was cast into a metal mold preheated at 250 °C 
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to form 7 or 8 bar-like samples (ϕ  l = 20 mm  120 mm). According to the pouring 
sequence, the samples were designated from 1st to 8th. Moreover, the mixed slurry 
with severe gas escaping was casted into a wedge mold since it was not possible to 
fill the rod mold. Generally, 4 wedge castings were achieved along the casting 
sequence. For castings from the wedge mold, a symbol ‘‘W’’ was given to differentiate 
castings from the mold with bar-like cavities  
 
Figure 3.4 Scheme of the fabrication process: a) mixing process; b) casting process. 
Figure 3.5 shows the details about the sample preparation for the microstructure and 
mechanical properties analyses. For the bar-like specimens, the top and bottom parts 
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were used for microstructure characterizations and hardness tests. The center part 
was firstly used for the measurement of Young’s modulus and then for tensile and 
compression tests. Furthermore, the wedge specimen was cut along the center plane 
for the microstructure characterization. 
 
Figure 3.5 Sample preparation for the microstructure and mechanical properties analysis. 
3.2 Thermal analysis 
3.2.1 Thermal gravity analysis-mass spectrometry (TGA-MS)  
Thermal gravity analysis coupled with a mass spectrometry detector was performed 
on a Netzsch Skimmer STA 409CD (Netzsch Ltd. Germany) system with a balance 
resolution of 5 µg. HDH Ti particles were heated up with a constant rate of 20 K/min 
from room temperature to 1200 °C under inert gas atmosphere with a Helium flow of 
80 ml/min. After reaching this temperature, the sample was cooled to 700 °C with the 
same rate. 
3.2.2 Diffraction scan calorimetry (DSC) measurements 
DSC was applied to the solidification process of pure Al and Al3Ti/Al composites to 
investigate the effects of reinforcing particles on the nucleation of -Al. A Netzsch 
STA409 (Netzsch Ltd. Germany) was used to carry out the DSC measurements. The 
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measurement was conducted under Ar gas flow (100 ml/min) with an Al2O3 crucible. 
The dimension of the specimen was 443 mm. The specimen was heated up to 
700 °C with a heating rate of 20 K/min and then held for 1 min. Subsequently, the 
specimen was cooled to 300 °C under a cooling rate of 5 K/min. 
3.3 Microstructure analysis 
Sample preparation 
The preparation process of the specimens for optical microscopy (OM), scan electron 
microscopy (SEM) and electron probe micro analysis (EPMA) are the same. 
Embedded samples were grinded and polished according to the parameter in Table 
3.2. 
Table 3.2 Parameters for the specimen preparation. 
Step Disc Lubricant Time Force Rotation speed 
Grinding SiC abrasive papers: 320# - 2500# water - - 300 rpm 
Polishing MD-Mol: 3µm lubricant red 10 min 15 N 150 rpm 
 MD-Chem OPS: H2O=1:1 6 min 15 N 150 rpm 
Optical microscopy (OM) 
An optical microscope (Leica DM6000M) was used to observe the microstructure of 
the composites in bright field and to analyze grain morphology and size of the Al 
matrix in polarized light. The samples were etched with Baker’s reagent via anodizing 
at 15 V for 2 min.  
Scan electron microscopy (SEM) 
A SEM (FEI Quanta 450) equipped with EDX (Ametek Apollo XP) was used to 
characterize the microstructure and the composition of Al3Ti/Al composites using an 
acceleration voltage of 15 kV. A back scattered electron detector (BSED) was applied 
to obtain micrographs for the quantitative analysis. An Everhart-Thornley detector 
(ETD) was used to observe fracture surfaces.  
Electron probe micro analysis (EMPA) 
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An EPMA (Jeol JXA 8100) was applied to analyze the distribution of elements in the 
composites using an acceleration voltage of 15 kV. The intervals along x and y 
directions were both 1 µm. The probe diameter was 2 µm.  
Porosity 
The porosity p of the specimens was determined by  
 𝑝 =
𝜌𝑡 − 𝜌𝑟
𝜌𝑡
 (3.1) 
where ρt and ρr are the theoretical and real densities of the composites. ρt is calculated 
according to the equation: 
 𝜌𝑡 = 𝜌𝑝𝑉𝑝 + 𝜌𝑚𝑉𝑚 (3.2) 
where ρp and ρm are the densities of the reinforcement and the matrix, Vp and Vm are 
the volume fraction of the reinforcement and the matrix. Vp is obtained from the 
quantitative analysis of the microstructure. ρr was measured by Archimedes method. 
X-ray computer tomography (X-ray CT) 
An X-ray CT scanner (Fraunhofer ERZT) with a maximum resolution of 25 µm was 
applied to investigate the casting defects in the Young’s modulus specimens. A 
voltage of 100 kV and a current of 100 mA were used to provide high-quality images. 
3.4 Quantitative analysis 
3.4.1 Grain size 
Five optical micrographs were taken at the magnification of 200 along the diameter 
direction of a specimen (see Figure 3.6 a). An image analysis system (ImageC, 
Version 5.00, Aquinto AG) was applied to evaluate the grain size and ASTM grain size 
number based on the interception method. Figure 3.6 b) shows a scheme of the line 
interception method. 11 lines (50 µm interval) were drawn in one micrograph and the 
number of intercepted grains by the lines was counted and the average intercepted 
length 𝑙 ̅ by the grains was obtained via the following equation: 
 𝑙 =
𝐿
𝑁
 (3.3) 
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where L is the total length of the test lines and N is the number of intercepted grains. 
The average intercepted length was used to represent the average grain size. 
 
Figure 3.6 Strategy for selecting positions for the optical microscopy analysis a) and a scheme of the 
line interception method b). 
3.4.2 Particle content, size and morphology 
A quantitative image analysis system (Leica Application Suite Version 4.12) was 
utilized to determine the particle content, size and morphology. The different phases 
were identified by various grey scales, as shown in Figure 3.7.  
 
Figure 3.7 Original SEM micrograph a) and the analyzed SEM micrograph via adjusting grey scale in 
image analysis system b). Green: Ti; Red: Al3Ti; Black: Al matrix. 
The volume fraction of the selected phase was determined by the area percentage. 
The equivalent circular diameter was used to define the phase size. The aspect ratio 
(the quotient of maximum to minimum feret diameter) was used to describe the 
morphology of the particles. A spherical has the aspect ratio of 1. A larger aspect ratio 
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means that the morphology of the particle tends to become long blocky or needle 
shaped.  
For the particle volume fraction, 10-15 micrographs with a frame size of 644 × 746 µm 
or 860 × 995 µm (depending on the particle size) for one sample were taken along the 
diameter direction (see Figure 3.6 a). The 2nd, 4th and 6th samples from the bar 
castings and 1st, 2nd and 4th samples from the wedge castings were analyzed for one 
parameter. 10 micrographs with a frame size of 43 × 50 µm or 160 × 185 µm were 
taken randomly for the particle size and morphology and at least 1000 particles were 
analyzed for each group. 
3.4.3 Homogeneity of the particle distribution 
The quadrat method [155] was applied to quantitatively characterize the homogeneity 
of the particle distribution. Figure 3.8 shows an example of how the quadrat method 
works.  
 
Figure 3.8 Application of the quadrat method on the microstructure of Al-13.9 vol% Al3Ti composite. 
1513 cells were drawn on a micrograph and 5 micrographs were analyzed for one 
group. The area percentage of particles in every cell was calculated by quantitative 
analysis as mentioned in the chapter of 3.4.2. The homogeneity of the particle 
distribution was expressed by the skewness β: 
 𝛽 =
𝑞
(𝑞 − 1)(𝑞 − 2)
∑ [
𝐴𝑖 − 𝐴𝑚𝑒𝑎𝑛
𝜎
]
3
 
𝑞
𝑖=1
 (3.4) 
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 𝐴𝑚𝑒𝑎𝑛 =
1
𝑞
∙ ∑ 𝐴𝑖
𝑞
𝑖=1
 (3.5) 
 𝜎 = √
1
𝑞 − 1
∑(𝐴𝑖 − 𝐴𝑚𝑒𝑎𝑛)2 
𝑞
𝑖=1
 (3.6) 
where q is the sum of the studied cells (975 cells from 5 micrographs for one group), Ai 
is the area percentage of particles in the i th cell, Amean is the average area percentage 
of particles of the total cells and σ is the standard deviation of area percentages in all 
grids. According to literature [156], an increase of β indicates more severe particle 
clustering. When β is larger than 1, the distribution is highly skewed, which means an 
extremely inhomogeneous distribution of the particles. The cell size varied with the 
average area of the investigated particles and generally, the area of the cell should be 
two times of the average area of the particles [156]. 
3.5 Mechanical properties characterization 
3.5.1 Young’s modulus  
Young’s modulus was measured by dynamic impulse excitation technique (IET) 
according to the standard ASTM 1876-15. The device (IMCE RFDA Professional) was 
applied to determine the Young’s modulus E by: 
 𝐸 = 0.9465 ∙ (
𝑚𝑓2
𝑤
) ∙ (
𝐿3
𝑡3
) ∙ 𝑇 (3.7) 
𝑇 = 1 + 6.585 ∙ (1 + 0.0752𝑣 + 0.8109𝑣2) ∙ (
𝑡
𝐿
)
2
− 0.868 ∙ (
𝑡
𝐿
)
4
− [
8.340∙(1+0.2023𝑣+2.173𝑣2)∙(
𝑡
𝐿
)
4
1.000+6.338∙(1+0.1408𝑣+1.536𝑣2)∙(
𝑡
𝐿
)
2]    (3.8) 
where E is Young’s modulus, f is the lowest resonance frequency, m is the sample 
mass, L is the sample length, w is the sample width, t is the sample thickness and T is 
a correction factor for the fundamental flexural mode to account for a finite thickness 
of the bar, v is Poisson’s ratio. Figure 3.7 shows the device of measuring Young’s 
modulus by IET. In the measurement, a small hammer was used to excite vibration in 
the sample and the signal was collected by the microphone. The dimension of the 
specimens was 1001010 mm. 
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Figure 3.9 Set-up for the measurement of Young’s modulus by impulse excitation technique (IET). 
3.5.2 Tensile and compression tests 
Room temperature tensile tests were carried out with an Instron 4505 tensile test 
machine according to DIN EN ISO 6892-1 at a traverse speed of 0.5 mm/min. The 
dimension of the tensile test sample was 5 mm in diameter and 25 mm in gage length 
according to DIN 50125 as shown in Figure 3.10 a). Furthermore, room temperature 
compression tests were also conducted with Instron 4505 according to DIN 50106. 
The compression testing speed was 0.1 mm/min. Figure 3.10 b) shows the dimension 
of the compression test specimen (ϕ  h= 5 mm  7 mm). Three specimens were 
tested in tensile and compression tests for each parameter. 
  
Figure 3.10 Tensile test specimen a) and compression test specimen b). 
3.5.3 Hardness tests 
A Wolpert Dia-Testor was applied to measure the Vickers hardness of Al3Ti/Al 
composites with a load of 10 kp and three random positions were selected for the 
measurements. A Leco M-400-G microhardness tester was applied to measure the 
microhardness of the composites with a load of 0.5 kp to evaluate if there are particle 
agglomerations in the matrix. Severe particle agglomerations can lead to an obvious 
fluctuation of the measured microhardness values. 10 indentations in an interval of 
1.5 mm were carried out along the diameter direction. 
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3.6 Numerical simulation of the mixing process by Flow 3D 
Numerical simulation was applied to simulate the mixing process in order to 
investigate the flow characteristic of the melt when using the rotor-stator high shear 
mixer or the conventional four-bladed mixer at different mixing speeds. Moreover, the 
simulation visualizes how the particles are distributed within the melt during the mixing 
process. This can be used to judge whether particles have been distributed 
homogeneously in the melt. The commercial software Flow 3D (version 11.0, Flow 
Science Germany Ltd.), was used to simulate the mixing process. 
Figure 3.11 shows the used CAD model for the different mixers and the mesh block 
used for the calculated zone. The dimension of the mesh block was 12 cm × 12 cm × 
12 cm, which comprises around 4 million grid cells with a uniform edge length of 0.75 
mm. Physical models, initial conditions and boundary conditions, etc. were set in 
Flow 3D. The fluid was set as pure Al. The physical properties of it were obtained from 
the database of Flow 3D. The specified conditions are shown in Table 3.3.  
 
Figure 3.11 CAD models used for simulating the mixing process of the conventional mixer and the high 
shear mixer (a) and the mesh block applied for the calculated zone in this work (b). 
After simulation, FlowSight, a post processing tool designed to deliver sophisticated 
visualizations of Flow 3D, was utilized to analyze the simulation results. The results 
regarding the velocity field of the melt, distribution of shear stress and air entrainment, 
etc. at various mixing speeds during mixing process were achieved. 
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Table 3.3 Summary of parameters of the simulation for the mixing process. 
Classification Subdirectory Parameter Set 
Physics 
Air entrainment 
Entrainment coefficient 0.5 
Surface tension coefficient 871 g/s2 
Moving objects Moving object/fluid coupling Implicit 
Viscosity and 
turbulence 
Viscosity options Viscous flow 
Turbulence model Two-equation (k-e) 
Wall shear boundary 
conditions 
No-slip or partial 
slip 
Fluids Physical properties 
Density 2.702 g/cm3 
Viscosity 0.0111g/cm/s 
Meshing and 
geometry 
 Boundary Symmetry 
 Meshing size 0.75 mm 
Numeric Time-step controls 
Initial time step 1.0e-6 s 
Minimum time step 1.0e-15 s 
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4 Results and discussion 
4.1 Influence of different mixers 
An intensive shear effect is important to break up particle agglomerations during the 
mixing process. Therefore, a high shear stress is always needed in preparing PMMCs 
by the melt stirring method. In this chapter, numerical simulation is applied to 
investigate the shear effect of the conventional four-bladed mixer and the rotor-stator 
high shear mixer. Subsequently, the microstructure of Al3Ti/Al composites produced 
with these mixers is presented.  
4.1.1 Distribution of shear stress for different mixers 
Figure 4.1 shows the shear stress field of the melt mixed with the conventional 
four-bladed mixer at different mixing speeds in the planes along the rotary axis (XZ 
plane) and parallel to the melt surface along the indicated lines (XY plane). The high 
shear stress areas of the conventional mixer mainly concentrate at the tips of the four 
blades at 1000 rpm. With increasing mixing speed, a large vortex is formed within the 
melt. This even leads to a separation of mixer and melt, which thus decreases the 
shear effect. Furthermore, the large vortex can also result in a sever air entrainment 
during the mixing process. 
The distribution of the shear stress for the high shear mixer at the same planes is 
shown in Figure 4.2. The shear stress concentrates in the gap between the rotor and 
the stator and inside the holes of the stator. The shear stress increases with 
increasing mixing speed. At mixing speeds of 4000 rpm and 7000 rpm, the shear 
stress areas are also detected on the wall of the crucible due to the high impact of the 
melt. Moreover, compared to the conventional mixer, the vortex is much smaller at 
4000 rpm. Even at 7000 rpm, the vortex is still quite smaller, which indicates that the 
composite melt can be mixed at a relatively high rotation speed. This is different from 
the conventional mixer. Therefore, a more intensive shear effect can be achieved by 
using the high shear mixer. 
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Figure 4.1 Distribution of the shear stress in the melt mixed with the conventional mixer at different 
mixing speeds (1000, 4000 and 7000 rpm) calculated by Flow 3D. 
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Figure 4.2 Distribution of the shear stress in the melt mixed with the high shear mixer at different mixing 
speeds (1000, 4000 and 7000 rpm) calculated by Flow 3D. 
4.1.2 Fluid flow with different mixers 
Figure 4.3 shows the streamline of the melt mixed with the high shear mixer and the 
conventional mixer at 4000 rpm. For the high shear mixer, there are two 
counter-rotating circulations above and below the third row of the stator holes, which 
is quite different from the conventional mixer. The melt surface rises obviously due to 
a large vortex using the conventional mixer. 
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Figure 4.3 Streamline of the melt mixed with the high shear mixer and the conventional mixer at 
4000 rpm calculated by Flow 3D. 
Figure 4.4 shows the macroscopic flow of marker particles (massless particles) within 
the melt mixed with the high shear mixer and the conventional mixer from the 
beginning of mixing process to the mixing speed of 4000 rpm within 6 s. With 
launching the high shear mixer, particles are sucked from the bottom of the mixer, 
sheared in the zone between rotor and stator and blown out throughout the radial 
holes of the stator. After impacting on the wall of the crucible, the particles are  
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Figure 4.4 Flow pattern of particles in the melt from the beginning of mixing to a stable mixing speed of 
4000 rpm using the high shear mixer calculated a) and the conventional mixer b) by Flow 3D. 
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separated into two parts and flow with the mentioned counter-rotating circulations. 
With ongoing process, particles are distributed homogeneously in the melt. For the 
conventional mixer, the flow pattern of particles is different from that of the high shear 
mixer due to the lack of the stator. At the mixing time of 4 s, there are still particle 
agglomeration areas in the melt using the conventional mixer whereas particles have 
been distributed homogeneously in the melt by the high shear mixer. 
4.1.3 Microstructure of Al3Ti/Al composites produced with different mixers 
Figure 4.5 shows the typical microstructure of Al3Ti/Al composites prepared by the 
high shear mixer compared to the conventional mixer. Light grey and white phases 
are homogeneously embedded in the matrix. At a higher magnification, the white 
phase is surrounded by a light grey phase. Table 4.1 shows EDX results of different 
positions (pointed in Figure 4.5). The results show that the grey phases are formed 
intermetallic Al3Ti according to the Al/Ti atomic ratio of 3/1. Correspondingly, the white 
phase and black matrix are Ti and Al. More details regarding EDX spectrums can be 
found in Figure B.1. Furthermore, Figure 4.5 b) compared to d), there are obvious 
particle agglomerations around the Ti particles using the conventional mixer due to 
the low shear stress. Inversely, the Al3Ti particles formed at the surface of the Ti 
particles get more effectively broken away by the high shear mixer. The peeled off 
Al3Ti particles are distributed within the melt with the macroscopic flow of the melt 
provided by the high shear mixer (see Figure 4.4), which enables the residual Ti 
particles further to react with Al till the whole Ti particles converts to the Al3Ti phases.  
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Figure 4.5 SEM micrographs of Al3Ti/Al composites fabricated with the high shear mixer at 7000 rpm a), 
b) and the conventional mixer at 1000 rpm c), d). Both mixing speeds are the optimum for each mixer 
type. 5 wt% HDH Ti powder with an average size of 49 µm was the starting material. The initial melt 
temperature T0 = 760 °C and the mixing time tm = 10 min. 
Table 4.1 EDX results of different positions within the Al3Ti/Al composites produced by the high shear 
mixer and the conventional mixer. 
Measured position Al (atomic %) Ti (atomic %) 
A 76 24 
B 0 100 
C 100 0 
D 77 23 
E 0 100 
F 100 0 
Figure 4.6 shows EPMA mappings of the Al3Ti/Al composite produced by the high 
shear mixer. The Ti and Al elements distribution are shown in Figure 4.6 a) and b). 
Figure 4.6 c) shows the Ti distribution at the interface between the residual Ti particle 
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and formed Al3Ti particles at a higher magnification.    
 
Figure 4.6 EPMA element maps of the Al3Ti/Al composite produced by the high shear mixer: a) Ti 
distribution; b) Al distribution; c) Ti distribution at higher magnification; d) SEM micrograph of scanned 
area. 5 wt% HDH Ti powder with an average size of 49 µm was the starting material. The initial melt 
temperature T0 = 760 °C, the mixing speed vm = 7000 rpm and the mixing time tm = 10 min. 
There should be a transition layer between the residual Ti particle and the Al3Ti 
particles due to a high Ti content near the Ti particle, which includes other Al-Ti 
phases (AlTi and AlTi3). However, based on the current characterization techniques, 
no other Al-Ti intermetallic could be found. Jiang et al. [157] have investigated the 
microstructure evolution at the Al-Ti liquid/solid interface. The results show that the 
dissolution rate of Ti to Al melt is slower than the reaction rate between Ti and Al. 
Therefore, the transition layer is very thin due to the high reaction rate. Guo et al. [115] 
applied high resolution transmission electron microscopy (HRTEM) to investigate the 
interface between Ti and Al3Ti particles and the result indicates that there is a tiny 
transition zone (around 20 nm) between α-Ti and Al3Ti particles, but the composition is 
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not clear. 
4.1.4 Particle volume fractions 
Figure 4.7 shows the volume fractions of the formed Al3Ti and residual Ti particles in 
the Al3Ti/Al composites using the high shear mixer and the conventional mixer. A 
higher Al3Ti and lower residual Ti volume fraction can be obtained using the high 
shear mixer. As shown in Figure 4.5, the Al3Ti particles formed at the surface of the Ti 
particles can be broken away more effectively by the high shear mixer, which clears 
space for the formation of new reinforcing particles around the surface of Ti. Thus, the 
high shear mixer can accelerate the conversion of Ti and Al into Al3Ti, resulting in 
obtaining more reinforcing particles at a constant processing time. 
For the high shear mixer, the volume fractions of formed Al3Ti particles and residual Ti 
particles of each rod are nearly constant along the pouring direction. This indicates 
that the high shear mixer is able to distribute the formed Al3Ti particles nearly 
homogeneously in the melt and the final castings. However, for the conventional mixer, 
the volume fraction of Al3Ti and Ti particles increase with the pouring sequence. This 
result can be attributed to particle sedimentation during the process from stopping 
mixing to casting the melt into the mold.  
  
Figure 4.7 Volume fractions of the formed Al3Ti particle (a) and Ti particle (b) in each casting specimen 
of the Al3Ti/Al composites produced with the high shear mixer at 7000 rpm and the conventional mixer 
at 1000 rpm. 5 wt% HDH Ti powder with an average size of 49 µm was the starting material. 
T0 = 760 °C. tm = 10 min. 
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The settling velocity of the individual particle in the liquid can be calculated by Stokes 
equation (2.7). As shown in Figure 4.5 c) and d), most of the formed Al3Ti particles 
tend to agglomerate around the residual Ti particles using the conventional mixer. 
Therefore, the clusters of formed Al3Ti particles and the Ti particle should be taken as 
a whole when using Stokes equation to calculate the settlement velocity. In this work, 
the average density of Al3Ti and Ti (3.95 g/cm3) is considered as the density of the 
agglomerated particles (Al3Ti and Ti) and the average diameter of the agglomerated 
particles is 45.4 µm by quantitative analysis. For the Al3Ti/Al composite produced by 
the high shear mixer, the Al3Ti is the main solid particle within the melt. Therefore, the 
two factors, the particle density and size, in the Stokes equation would be 3.4 g/cm3 
and 6.1 µm (by quantitative analysis) for the Al3Ti/Al composite produced by the high 
shear mixer, which are both smaller compared to the conventional mixer. Moreover, 
increasing the particle volume fraction or decreasing the particle size within the melt 
leads to an increase of the melt viscosity [158]. Thus, the melt viscosity using the high 
shear mixer is higher compared to the conventional mixer due to a higher quantity of 
fine Al3Ti particles. Therefore, particle sedimentation occurs for the Al composite 
prepared by the conventional mixer due to the larger particle density, size and the 
lower melt viscosity in comparison with the high shear mixer. 
4.1.5 Homogeneity of the particle distribution 
Figure 4.8 shows the calculated skewness values  of Al3Ti/Al composites produced 
with different mixers. Using the high shear mixer, the skewness values are lower than 
that in composites produced with the conventional mixer. This confirms that the high 
shear mixer can break up particle agglomerations and distribute particles much more 
homogeneously. 
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Figure 4.8 Skewness β of the Al3Ti/Al composites produced with the higher shear mixer at 7000 rpm 
and the conventional mixer at 1000 rpm. 5 wt% HDH Ti powder with an average size of 49 µm was the 
starting material. T0 = 760 °C. tm = 10 min. 
4.1.6 Summary 
By using the high shear mixer, a more intensive shear effect can be obtained. The 
high shear mixer is able to break up particle agglomerations and to accelerate the 
conversion rate of Ti powder compared to the conventional mixer. This indicates that 
the high shear technology is appropriate for preparing in-situ Al3Ti/Al composites by 
the reaction of Ti powder with Al melt. Therefore, in the latter chapters, the high shear 
mixer is applied to prepare in-situ Al3Ti/Al composites under different parameters to 
determine a cost-effective and appropriate fabrication process.  
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4.2 Selection of Ti powder 
Two types of Ti powder are selected to prepare Al3Ti/Al composites, gas atomized 
particles and particles produced by the hydrogen-dehydrogen (HDH) process. The 
average sizes of the two types of Ti powder are close, 53 µm and 49 µm. However, 
the specific surface areas of the two types of Ti powder are quite different due to the 
presence of cracks in HDH Ti particles. 
4.2.1 Morphology of Ti powder 
Figure 4.9 shows SEM micrographs of gas atomized and HDH Ti particles. The 
morphology of gas atomized Ti particles is very round whereas HDH Ti particles are 
rugged, edged and irregular in shape. 
 
Figure 4.9 SEM micrographs of two types of Ti powder used: a) and b) gas atomized Ti powder with 
round shape and an average size of 53 µm; c) and d) HDH Ti powder with rugged and edged surface 
and an average size of 49 µm. The red circles show some cracks inside HDH Ti particles. 
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Furthermore, there are many cracks in HDH Ti particles (indicated by red circles), 
which increases the specific surface area. This fact contributes to a higher reaction 
rate compared to gas atomized Ti powder.  
4.2.2 Particle volume fractions 
Typical microstructures of Al3Ti/Al composites produced with gas atomized and HDH 
Ti particles are shown in Figure 4.10. Due to the presence of cracks, the reaction can 
simultaneously take place within HDH Ti particles (see Figure 4.10 d).  
 
Figure 4.10 SEM micrographs of the Al3Ti/Al composites produced with 5 wt% gas atomized Ti powder 
a), b) and 5 wt% HDH Ti powder c), d). The mixing speed vm = 7000 rpm, the mixing time tm = 10 min 
and the initial melt temperature T0 = 720°C.  
Figure 4.11 shows the particle volume fraction of Al3Ti and Ti in each casting rod for Al 
composites produced with the two types of Ti powder. The volume fraction of the 
formed Al3Ti particle (grey phases) is higher and the volume fraction of the residual Ti 
particle (white phases) is lower in the matrix by using HDH Ti particles compared to 
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gas atomized Ti powder. Furthermore, the particle volume fraction of Al3Ti and Ti in 
each rod is almost constant when using 5 wt% HDH Ti powder as raw material. For 
the Al3Ti/Al composite fabricated with 5 wt% gas atomized Ti powder, the Al3Ti and Ti 
particle volume fractions show an increasing trend along the pouring direction. This 
fact indicates that particle sedimentation occurs during the fabrication process. 
 
Figure 4.11 Volume fractions of the formed Al3Ti particle (a) and Ti particle (b) in each casting specimen 
of the Al3Ti/Al composites produced with 5 wt% gas atomized (53 µm) and HDH Ti powder (49 µm). 
vm = 7000 rpm, tm = 10 min, T0 = 720°C. 
HDH Ti powder owns a larger specific surface area due to the presence of many 
cracks (see Figure 4.10 d) compared to gas atomized Ti powder, which leads to a 
higher reaction rate. Therefore, at the same processing parameters, a higher quantity 
of formed Al3Ti particles and a lower quantity of residual Ti particles are obtained by 
using HDH Ti powder. Inversely, due to the low reaction rate by using gas atomized Ti 
powder, the size of residual Ti particle is quite large resulting in particle sedimentation.  
4.2.3 Al3Ti size and morphology  
Comparing Figure 4.10 b) to d), the initial formed Al3Ti particle size is larger by 
applying HDH Ti powder compared to gas atomized Ti powder. This can be attributed 
to a higher melt temperature (see Figure 4.12) resulting from generating more heat by 
the exothermal reaction of Al and Ti using HDH Ti powder with a large specific surface 
area. This accelerates the nucleation and growth of the Al3Ti phase and thereby 
results in larger initial Al3Ti particles.  
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Figure 4.12 Melt temperature as a function of mixing time after the introduction of 5 wt% HDH (49 µm) 
and gas atomized Ti powder (53 µm). vm = 7000 rpm, tm = 10 min, T0 = 720 °C. 
The effect of melt temperature on the coarsening behavior of the initial Al3Ti particles 
is shown in Figure 4.13. With increasing the initial melt temperature during the 
fabrication process, the size of the initial formed Al3Ti particles obviously increases. 
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Figure 4.13 SEM micrographs of Al3Ti/Al composites produced at the initial melt temperature of 680 °C 
a), 720 °C b) and 760 °C c). 5 wt% HDH Ti powder with an average size of 49 µm was the starting 
material. vm = 7000 rpm, tm = 10 min. 
However, the difference in the size of Al3Ti particles distributed in the matrix is not 
obvious for the two different types of Ti powder (see Figure 4.14). This is due to the 
further growth of the initial formed Al3Ti particle with a continuous mixing process in 
order to reduce the interface energy when they are peeled off from the Ti particles and 
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are distributed within the melt. Moreover, the aspect ratios of Al3Ti particles are not 
dependent on the type of Ti powder being used. The values are both 2.1.  
 
Figure 4.14 SEM micrographs of Al3Ti particles in the Al matrix and corresponding quantitative 
analyzing results of the Al3Ti size and morphology: a), b) and c) produced with 5 wt% gas atomized Ti 
powder (53 µm); d), e) and f) produced with 5 wt% HDH Ti powder (49 µm). vm = 7000 rpm and 
tm = 10 min. 
4.2.4 Grain size of the Al matrix 
Figure 4.15 shows optical micrographs of pure Al and Al3Ti/Al composites produced 
with gas atomized and HDH Ti powder. As reference casting, pure Al melt was mixed 
at 7000 rpm for 10 min. The distribution of grain size is not homogeneous for pure Al. 
The grain size decreases from the edge to the center (see Figure 4.15 a), as it can be 
expected for a permanent mold casting part like this. The addition of Al3Ti particles 
leads to an obvious grain refinement and the distribution of the grain size is uniform in 
each Al3Ti/Al composite (from the edge to center area). Comparing Figure 4.15 b) to 
c), the effect of grain refinement is stronger by using HDH Ti particles due to a higher 
quantity of Al3Ti particles. The measured grain sizes and ASTM grain size numbers of 
pure Al and different Al3Ti/Al composites are listed in Table 4.2.  
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Figure 4.15 Optical micrographs of pure Al a), Al3Ti/Al composite prepared with 5 wt% gas atomized Ti 
powder (53 µm) b) and 5 wt% HDH Ti powder (49 µm) c). vm = 7000 rpm. tm = 10 min. T0 = 720 °C. 
Table 4.2 Measured grain sizes and ASTM grain size numbers of pure Al and different Al3Ti/Al 
composites. 
Material Average grain size (µm) ASTM grain size number 
Pure Al 83  69 4 
Gas atomized 48  26 5 
HDH 36  19 6 
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Figure 4.16 shows the typical optical microstructure of an in-situ Al3Ti/Al composite. 
The reinforcing phase Al3Ti is located inside grains rather than being on grain 
boundaries, which proofs the grain refinement effect.  
 
Figure 4.16 Typical optical micrograph of Al3Ti/Al composites. 
Figure 4.17 shows DSC results of pure Al and Al3Ti/Al composites produced with 
different types of Ti powder. During the complete heating and cooling process, there 
are endothermal and exothermal peaks due to phase transformations (melting and 
solidification of Al matrix) as shown in Figure 4.17 a). Figure 4.17 b) shows the 
magnified area of the exothermal peaks of all the samples. The solidification 
processes of the two Al3Ti/Al composites start earlier than that of pure Al (around 
5 °C), which means that the undercooling for the nucleation of Al is decreased. The 
above results indicate that Al3Ti phase is an effective refiner for pure Al, which can 
provide potential heterogeneous nucleation sites for Al. 
 
Figure 4.17 DSC results of pure Al and different Al3Ti composites prepared with 5 wt% gas atomized Ti 
powder (53 µm) b) and 5 wt% HDH Ti powder (49 µm) c). vm = 7000 rpm. tm = 10 min. T0 = 720 °C. 
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4.2.5 Summary 
At the same processing parameters, HDH Ti powder owns a higher reaction rate with 
Al melt than gas atomized Ti powder. Although the initial Al3Ti particle sizes are 
obviously different in Al3Ti/Al composites fabricated with both types of Ti powder, the 
average size of Al3Ti particles that have been distributed in the matrix are quite similar. 
Moreover, due to the presence of Al3Ti particles in the matrix, the grains of the Al 
matrix are refined. The refinement effect is more apparent using HDH Ti powder due 
to a higher quantity of Al3Ti particles produced. In conclusion, HDH Ti powder is 
preferable as the raw material to prepare Al3Ti/Al composites. Based on this fact, 
further investigations regarding the Ti particle size and processing variables only 
consider HDH Ti powder.  
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4.3 Influence of the size of Ti powder 
The size of Ti powder is a significant factor for the reaction process and the resulting 
microstructure of Al3Ti/Al composites, such as the reinforcing particle content and size. 
In the following, variations of the microstructure with the initial Ti particle size and the 
mixing time and relevant mechanisms will be discussed. Figure 4.18 shows SEM 
micrographs of HDH Ti powder of different initial sizes used in this chapter.  
 
Figure 4.18 SEM micrographs of HDH Ti powder with different average sizes: a) 27 µm; b) 49 µm; 
c) 81 µm. 
4.3.1 Evolution of particle volume fractions 
Figure 4.19 shows the microstructure of Al3Ti/Al composites produced with different 
mixing times (5, 10 and 15 min) and HDH Ti powder with various average sizes 
(27 µm, 49 µm and 81 µm). The notation ‘‘x µm/y min’’ denotes an Al3Ti/Al composite 
produced with Ti powder of an average size of “x” µm and a mixing time of “y” min. 
The quantitative analysis results regarding the particle volume fraction for all Al 
composites are shown in Figure 4.20. The volume fraction of the Al3Ti particle 
increases with increasing mixing time whereas the volume fraction of residual Ti 
particle decreases. At the same mixing time, the volume fraction of the Al3Ti particle 
decreases with increasing the initial Ti particle size. The inverse trend applies for the 
volume fraction of the residual Ti particle with increasing the initial Ti particle size. This 
can be attributed to the small Ti powder with a high specific surface area, leading to a 
higher reaction rate compared to the larger Ti powder. Therefore, more Al3Ti particles 
are obtained at a constant mixing time. 
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Figure 4.19 SEM micrographs of the Al3Ti/Al composites produced with Ti powder of different initial 
sizes and various mixing times. 5 wt% HDH Ti powder was the starting material. The mixing speed 
vm = 7000 rpm and the initial melt temperature T0 = 720 °C. 
 
Figure 4.20 Evolution of volume fractions of the formed Al3Ti particle a) and the Ti particle b) with 
various initial sizes of Ti powder and mixing times. 5 wt% HDH Ti powder was the starting material. 
vm = 7000 rpm, T0 = 720 °C. 
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The dashed line indicates the theoretical Al3Ti volume fraction (10.4 vol%) by a total 
conversion of 5 wt% Ti powder into the Al3Ti reinforcing phase. Therefore, after a 
mixing time of 10 min, Ti powder with an average size of 27 µm is nearly used up 
while for Ti powder with an average size of 81 µm, only 50% is consumed. 
Correspondingly, the growth rate of the Al3Ti volume fraction decreases with 
increasing mixing time for the Ti particles of 27 and 49 µm since Ti particles are nearly 
completely transformed.  
The large standard deviation of the Ti volume fraction in the 81 µm/5 min Al composite 
results from the fact that the particle volume fraction in 2nd , 4th and 6th casting 
specimens are quite different. This indicates particle sedimentation during the 
fabrication process of the 81 µm/5 min Al3Ti/Al composite due to the large size and 
density of the Ti particles. Figure 4.21 shows representive micrographs of the 
81 µm/5 min Al composite in different casting specimens and the volume fraction of 
the Al3Ti and Ti particle in each casting specimen along the pouring direction. For 
comparison, the particle volume fractions of the 81 µm/10 min composite are also 
involved in the line figure. The particle volume fractions of the 81 µm/10 min 
composite are nearly constant along the pouring direction and this trend applies to all 
of the other parameter groups as well, which indicates that the high shear technology 
can distribute the reinforcing particles homogeneously in each casting component and 
no particle sedimentation occurs. 
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Figure 4.21 Representative SEM micrographs of the 1st, 5th and 8th casting specimens and particle 
volume fractions in each casting specimen along the pouring direction for the 81 µm/5 min and 
81 µm/10 min Al composites. 5 wt% HDH Ti powder was the starting material. vm = 7000 rpm, 
T0 = 720 °C.  
4.3.2 Al3Ti size   
Figure 4.22 shows SEM micrographs of different composites and histograms of the 
Al3Ti particle size distributions by quantitative analysis. The average Al3Ti particle size 
increases with increasing mixing time for each size of Ti powder. There is a tendency 
to achieve higher Al3Ti particle sizes using finer Ti particles (see Figure 4.22 a, d and 
g). With increasing mixing time, these differences become smaller (see Figure 4.22 c, 
f and i). These results are firstly attributed to the change of the melt temperature 
during the fabrication process (see Figure 4.23). A high melt temperature promotes 
the nucleation and growth of the Al3Ti phase at the surface of Ti particles, resulting in 
increasing the initial Al3Ti size. Initial size means the size after a few minutes when the 
Al3Ti particles are still sticking to the Ti particles (for the mixing time of 5 min see 
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Figure 4.24 a, b and c). The melt temperature increases with increasing mixing time 
due to the continuous exothermal reaction and this also leads to the increase of the 
initial Al3Ti size (see Figure 4.24 d, e and f). The further growth of the Al3Ti particles 
after being peeled off from the Ti particles and distributed in the melt is another reason 
for the increase of the Al3Ti particle size with increasing mixing time.  
 
Figure 4.22 SEM micrographs of the Al3Ti particle in the Al matrix and corresponding quantitative 
analyzing results of the average Al3Ti size. 5 wt% HDH Ti powder is the starting material. vm = 7000 rpm 
and T0 = 720 °C. 
4 Results and discussion                                                   75 
 
 
Figure 4.23 Melt temperature as a function of the mixing time after the introduction of 5 wt% Ti powder 
with different sizes. vm = 7000 rpm and T0 = 720 °C. 
 
Figure 4.24 Initial Al3Ti particle size of Al3Ti/Al composites produced with 5 wt% Ti powder of different 
initial sizes and different mixing times. vm = 7000 rpm and T0 = 720 °C. 
4.3.3 Porosity 
Figure 4.25 a) shows the variations of the porosity and the Al3Ti particle volume 
fraction for the Al3Ti/Al composites produced with different mixing times and Ti powder 
with various initial sizes. At the same mixing time, the decrease of the initial Ti particle 
size leads to an increase of the porosity. Furthermore, the porosity of Al3Ti/Al 
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composites increases with increasing mixing time. Particularly, for the Al3Ti/Al 
composite produced with Ti powder with an average size of 27 µm, the porosity 
dramatically increased from about 2% (after 5 min) to 8% (after 15 min). That is, a 
high amount of air has been entrained into the melt during the mixing process. The 
entrained air will escape from the melt by forming bubbles that flow to the slurry 
surface after stop mixing. Large pores in the cross section of the 27 µm/15 min/ W 
Al3Ti/Al composite are shown in Figure 4.25 b). According to the literature [158], 
decreasing the solid particle size or increasing the solid particle volume fraction 
results in increasing the viscosity of the melt with solid particles. Therefore, the melt 
viscosity of Al composites produced with fine Ti particles is higher compared to Al 
composites produced with coarse Ti particles due to the formation of higher quantities 
of fine Al3Ti particles and the finer Ti particles added. The high viscosity leads to a fact 
that the entrained gas needs a long time to escape from the melt, which thereby 
results in the high porosity. 
 
Figure 4.25 Variation of the porosity and the Al3Ti particle volume fraction of different Al composites (a) 
and cross section of the 27 µm/15 min/ W Al3Ti/Al composite specimen (b). 
4.3.4 Summary 
At a constant mixing time of 10 min, the added Ti particles with an average size of 27 
µm almost react completely to the Al3Ti phase. For a relatively larger Ti powder, a 
longer mixing time is needed. Particle sedimentation occurs with the large Ti particles 
and a short mixing time. The Al3Ti particle size apparently increases with increasing 
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mixing time, which can be attributed to a high melt temperature and further coarsening 
of Al3Ti particles in the melt. The porosity increases with increasing mixing time and 
decreasing Ti particle sizes. 
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4.4 Influence of mixing speed 
The mixing process is the most important step in preparing Al3Ti/Al composites. The 
variation of the mixing speed will directly affect the reaction rate, distribution of 
reinforcing particles and air entrainment.  
4.4.1 Fluid streamline at different mixing speeds 
Figure 4.26 shows the streamline of the melt mixed at various mixing speeds and the 
red dashed lines indicate the melt surface before mixing. Compared to mixing speeds 
of 4000 rpm and 7000 rpm, the density of the streamline at the top of the melt is lower 
than that at the other positions at 1000 rpm, which indicates a lower flow velocity in 
the top of the melt. This probably leads to an inhomogeneous distribution of the 
reinforcing particles in the melt during the fabrication process.  
 
Figure 4.26 Streamline of the melt mixed by the high shear mixer at different mixing speeds (1000, 
4000 and 7000 rpm) calculated by Flow 3D. 
4.4.2 Evolution of particle volume fractions 
Figure 4.27 shows the microstructure of Al3Ti/Al composites produced with different 
mixing speeds (1000, 4000 and 7000 rpm). The magnified SEM micrographs from the 
marked areas (white dashed boxes) show the specific microstructure near residual Ti 
particles. The notation ‘‘x rpm / y min’’ denotes an Al3Ti/Al composite produced with a 
mixing speed of “x” rpm and a mixing time of “y” min. The magnified SEM micrographs 
show that there are obvious Al3Ti particle agglomerations surrounding the residual Ti 
particles at 1000 rpm, which reduces the following reaction rate. These 
4 Results and discussion                                                   79 
 
agglomerations are less pronounced for mixing speeds of 4000 and 7000 rpm.  
  
Figure 4.27 SEM micrographs of Al3Ti/Al composites produced with different mixing speeds. Starting 
material was 5 wt% HDH Ti with an average size of 27 µm. The initial melt temperature T0 = 720 °C. 
Figure 4.28 shows the volume fractions of the Al3Ti and Ti particles for different 
speeds and times by quantitative analysis. The dashed line indicates the theoretical 
Al3Ti content for the total conversion of 5 wt% Ti particles. Therefore, the reaction is 
almost completed after 10 min for the higher mixing speeds of 4000 rpm and 7000 
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rpm, which is confirmed by about 0% volume fraction of the residual Ti particles at the 
same time step (10 min). With increasing mixing speed, more Al3Ti particles (grey 
phases) and fewer residual Ti particles (white phases) are present in the matrix due to 
the higher shear stress which can peel off the formed Al3Ti phase from Ti particles 
more effectively and clear the space for the formation of the new Al3Ti phase, resulting 
in a higher reaction rate. Moreover, with increasing mixing time, the Al3Ti particle 
volume fraction increases and the Ti particle volume fraction decreases at a constant 
mixing speed except in the 1000 rpm/15 min Al3Ti/Al composite. It shows a decrease 
in the Al3Ti particle volume fraction at a very high standard deviation due to particle 
sedimentation.  
 
Figure 4.28 Evolution of volume fraction of the formed Al3Ti particle a) and the Ti particle b) with various 
mixing times and speeds. Starting material was 5 wt% HDH Ti with an average size of 27 µm. 
T0 = 720 °C. 
Figure 4.29 shows representive micrographs of the 1000 rpm/15 min Al composite in 
different casting specimens and the specified particle volume fraction along the 
pouring direction. For comparison, the particle volume fractions of the 
1000 µm/10 min composite are also involved in the line figure. Due to the formation of 
fine Al3Ti particles and the low shear stress at 1000 rpm, the melt viscosity increases 
with increasing mixing time. This results in a further decrease of the flow velocity and 
turbulence intensity within the melt, and thereby agglomerated Al3Ti particles tend to 
settle during the fabrication process. The particle volume fractions of the 1000 µm/10 
min composite are nearly constant along the pouring direction and this trend applies 
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to all of the other parameter groups as well, which indicates a homogeneoous 
distribution of reinforcing particles in each casting specimen and no particle 
sedimentation occurs. 
 
Figure 4.29 Representative SEM micrographs of the 1st, 2nd and 6th casting specimen and the Al3Ti 
particle volume fraction in each casting specimen for the 1000 rpm/10 min and 1000 rpm/15 min 
Al3Ti/Al composites. Starting material was 5 wt% HDH Ti with an average size of 27 µm. T0 = 720 °C. 
4.4.3 Al3Ti size and morphology  
Figure 4.30 shows the Al3Ti particles distributed in the matrix and their size 
distributions. With increasing mixing time and mixing speed, the average size of Al3Ti 
particles increases (see Figure 4.31). At the mixing time of 5 min, the initial Al3Ti 
particles produced at 1000 rpm are the smallest compared to mixing speeds of 
4000 rpm and 7000 rpm (see Figure 4.27 b, d and f). This is can be attributed to a low 
melt temperature resulting from the low reaction rate as discussed in section 4.4.2. 
Thus, at the mixing time of 5 min, the low melt temperature is one of the reasons that 
leads to small Al3Ti particles. However, at the mixing times of 10 min and 15 min, the 
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size of initial Al3Ti particle is independent of the mixing speed (see Figure 4.32). This 
indicates that the further growth of Al3Ti particles when they are peeled off from Ti 
particles is another reason that contributes to the increase of the Al3Ti particle size 
with increasing mixing speed. The high mixing speed provides an intensive 
macroscopic flow and turbulence within the melt, probably accelerating the growth of 
the Al3Ti particle. The Al3Ti particles with a large aspect ratio marked with white 
dashed boxes in Figure 4.30 proves this conclusion since the morphology is quite 
different from that of the initial Al3Ti particle. 
 
Figure 4.30 SEM micrographs of the Al3Ti particle in the Al matrix and the corresponding Al3Ti size 
distribution. Starting material was 5 wt% HDH Ti powder with an average size of 27 µm. T0 = 720 °C. 
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Figure 4.31 Average Al3Ti particle size of different Al composites. Starting material was 5 wt% HDH Ti 
powder with an average size of 27 µm. T0 = 720 °C. 
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Figure 4.32 SEM micrographs of the initial Al3Ti particles prepared with different mixing times and 
speeds. Starting material was 5 wt% Ti powder with an average size of 27 µm. T0 = 720 °C. 
Figure 4.33 shows the variation of the Al3Ti particle aspect ratio with mixing speed and 
time. There is no influence of mixing time on the aspect ratio of the Al3Ti particles. The 
effect of mixing speed on the aspect ratio of the Al3Ti particles is small and the aspect 
ratio only increases slightly with increasing mixing speed (see also the histograms 
regarding the Al3Ti particle aspect ratio in Figure 4.34), i.e. the break up effect does 
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not seem to play a significant role during the fabrication process. Considering the 
geometry of Ti particles used and stresses [129] in the Al3Ti reaction layer, the formed 
Al3Ti particles at initial state are close to cube shape (see magnified SEM micrographs 
in Figure 4.27). However, some blocky Al3Ti particles with a large aspect ratio are 
found in the composites produced by a relatively high mixing speed of 7000 rpm (see 
white dashed boxes in Figure 4.30), which indicates that a high mixing speed can 
promote the growth of the Al3Ti particles and the particle preferentially grows along a 
specific direction. For a given crystal, the growth rate in a crystallographic direction is 
associated with the planar density. The grow direction which is vertical to the 
close-packed plane has the slowest growing velocity [ 159 ]. According to the 
calculation of various planar densities of Al3Ti, the growing direction along [110] is the 
fastest and along [001] is the slowest, which leads to Al3Ti particles that are much 
smaller in thickness than in the other two dimensions [ 160 ]. Therefore, the 
morphology of some Al3Ti phase gets blocky (see Figure 4.30). 
 
Figure 4.33 Quantitative analyzing results of Al3Ti particle morphology. The composites were produced 
with 5 wt% HDH Ti powder with an average size of 27 µm. T0 = 720 °C. 
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Figure 4.34 Histograms of the aspect ratio of the Al3Ti particle of different composites: 
a) 1000 rpm/10 min, b) 4000 rpm/10 min, c) 7000 rpm/10 min. Starting material was 5 wt% HDH Ti 
powder with an average size of 27 µm. T0 = 720 °C. 
4.4.4 Homogeneity of the particle distribution 
Figure 4.35 shows obvious particle agglomerations in the 1000 rpm/10 min Al 
composite (see red dashed circles). These agglomerations are due to low shear 
stresses that cannot effectively disperse the formed Al3Ti particles and therefore these 
Al3Ti particles are prone to the agglomeration with the completion of the reaction 
between Ti particles and Al melt. 
 
Figure 4.35 Typical particle agglomerations in the 1000 rpm/10 min Al3Ti/Al composite. Starting 
material was 5 wt% HDH Ti powder with an average size of 27 µm. T0 = 720 °C. 
Figure 4.36 shows the variation of the skewness value β of the Al3Ti/Al composites 
prepared with various mixing speeds and times.  
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Figure 4.36 Variation of skewness β with mixing time and mixing speed. Starting material was 5 wt% 
HDH Ti powder with an average size of 27 µm. T0 = 720 °C. 
The skewness values for all mixing speeds firstly decrease between the mixing times 
of 5 and 10 min. After these time steps, all values maintain constant with the further 
increase of mixing time (from 10 to 15 min). Within different mixing speeds, the 
skewness values decrease with increasing mixing speed, especially in the beginning 
of the mixing process after 5 min. The comparison between 4000 rpm and 7000 rpm 
shows almost no difference in the homogeneity of the reinforcing particles distribution, 
in particular at a longer mixing processes. Therefore, the homogeneity of the particle 
distribution is similar for the Al3Ti/Al composites produced with mixing speeds of 4000 
and 7000 rpm, while the mixing speed of 1000 rpm is not sufficient to break up particle 
agglomerations. 
A high shear stress resulting from the high strain rate within the melt is desirable to 
break up clusters of reinforcing particles. Figure 4.37 shows the strain rate distribution 
in the melt mixed at different speeds.  
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Figure 4.37 Distribution of the strain rate of the melt mixed by the high shear mixer at different mixing 
speeds (1000, 4000 and 7000 rpm) calculated by Flow 3D. 
With increasing mixing speed, the strain rate obviously increases. There is a high 
strain rate area between the rotor and the stator due to a narrow gap between them. 
The high strain rate is also present inside the holes of the stator due to a large velocity 
gradient (see Figure 4.38). The flow velocity of the melt is higher inside the mixer and 
it significantly decreases as the melt flows out of the mixer throughout the holes of the 
stator. Figure 4.39 shows the specific change of the flow velocity along the diameter 
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direction (see black points in Figure 4.38 f) at different mixing speeds. 
 
Figure 4.38 Distribution of the flow velocity of the melt mixed by the high shear mixer at different mixing 
speeds (1000, 4000 and 7000 rpm) calculated by Flow 3D. 
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Figure 4.39 Radial profiles of the flow velocity of the melt in the hole of the stator mixed at different 
mixing speeds (1000, 4000 and 7000 rpm) calculated by Flow 3D.  
The adhesive strength τc of a cluster of particles can be estimated according to the 
equation (2.6). In this work, nb is 6 [148] and the average value of F is around 10 nN 
[161]. The volume fraction of the Al3Ti particles Vp and average Al3Ti particle radius r 
are obtained by quantitative analysis. Table 4.3 lists the estimated values for adhesive 
strength of agglomerated Al3Ti particles within different Al composites. 
Table 4.3 Estimated adhesive strength of agglomerated Al3Ti particles in different composites. 
Al3Ti/Al composites Vp (vol%) r (µm) τc (Pa) 
1000 rpm/5 min 6.2 1.2 230 
1000 rpm/10 min 9.2 1.5 235 
1000 rpm/15 mina - 1.7 - 
4000 rpm/5 min 7.5 1.8 124 
4000 rpm/10 min 9.7 2.2 108 
4000 rpm/15 min 9.9 2.8 68 
7000 rpm/5 min 8.6 2.2 95 
7000 rpm/10 min 10.0 2.9 64 
7000 rpm/15 min 10.4 3.0 62 
a: lack of Vp due to particle sedimentation 
For a mixing speed of 1000 rpm, the shear stress is lower than the corresponding 
tensile strength of the agglomerated particles (see Figure 4.2). Thus, there are 
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apparent clusters of Al3Ti particle in the Al matrix (see Figure 4.27 and Figure 4.30 a) 
and a higher skewness value β in Figure 4.36. Inversely, for a higher mixing speed of 
4000 rpm or 7000 rpm, the shear stresses within the melt are larger than the 
corresponding tensile strength of agglomerated particles according to Figure 4.2. 
Thereby, microstructures without obvious particle agglomerations and low skewness β 
values are achieved.  
4.4.5 Porosity 
Figure 4.40 a) shows the influence of mixing speed and time on the porosity of the 
investigated Al3Ti/Al composites. Over the whole mixing time, the porosity increases 
with growing mixing speed. With extending mixing time, the porosity increases for the 
mixing speed of 1000 rpm up to around 1.5%. For the two higher mixing speeds, a 
slight increase in porosity is observed within the time frame of 10 min, followed by a 
sharp increase up to 6% and 8% at the mixing time of 15 min. Large pores in the cross 
sections of the 4000 rpm/15 min/ W and 7000 rpm/15 min/ W samples are shown in 
Figure 4.40 b).  
 
Figure 4.40 Variation of the porosity of the Al3Ti/Al composites prepared with different mixing times and 
mixing speeds (a) and transverse sections of the 4000 rpm/15 min/ W and 7000 rpm/15 min/ W Al3Ti/Al 
composite specimens (b). 
Figure 4.41 shows simulation results regarding the air entrainment of the melt mixed 
at different speeds. The shape of the melt surface strongly depends on the mixing 
speed. The higher mixing speed results in a larger vortex and a more unstable surface. 
Therefore, air entrainment is more severe in this case. On the other hand, there is 
almost no gas entrainment at a lower mixing speed of 1000 rpm (see Figure 4.41 a). 
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Figure 4.41 Distribution of air entrainment in the melt mixed by the high shear mixer at different mixing 
speeds (1000, 4000 and 7000 rpm) calculated by Flow 3D. 
4.4.6 Mechanical properties 
Figure 4.42 shows tensile test results of Al3Ti/Al composites fabricated with different 
mixing speeds according to tensile stress-strain curves as shown in Figure 4.43. Table 
4.4 summarizes quantitative analysis results regarding these Al composite 
microstructures to correlate with tensile properties. The grain size can be obtained 
from Table B.2 in Appendix B. Figure 4.42 shows that the formation of Al3Ti particles 
improves the yield strength and tensile strength. The 1000 rpm/10 min Al3Ti/Al 
composite possesses the highest yield strength and tensile strength. The 
7000 rpm/10 min Al3Ti/Al composite shows an early fracture (see Figure 4.43 a) due 
to a high porosity. The addition of Al3Ti particles leads to a decrease in ductility. The 
7000 rpm/10 min Al3Ti/Al composite presents the worst ductility (3.9%). The 
elongation of the 1000 rpm/10 min Al3Ti/Al composite (12.9%) is smaller than that of 
4000 rpm/10 min Al3Ti/Al composite (19.4%). Theoretically, the elongation of the 1000 
rpm/10 min Al composite should be higher than that of the 4000 rpm/10 min 
composite due to finer reinforcing particles and similar particle content, morphology 
and grain size (see Table 4.4). The reason is that the presence of severe clusters of 
reinforcing particles in the case of the 1000 rpm/10 min Al composite (see Figure 4.27 
and Figure 4.36) leads to high stress concentrations and consequently to crack 
initiation and propagation under relatively low loads [55]. 
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Figure 4.42 Tensile test results of pure Al and Al3Ti/Al composites produced at various mixing speeds. 
Starting material was 5 wt% HDH Ti powder with an average size of 27 µm. T0 = 720 °C.  
 
Figure 4.43 Tensile stress-strain curves of pure Al and Al3Ti/Al composites produced at various mixing 
speeds (a) and photograph of tensile test specimens before and after the measurement (b). Starting 
material was 5 wt% HDH Ti powder with an average size of 27 µm. T0 = 720 °C. 
Table 4.4 Microstructure of Al3Ti/Al composites produced with different mixing speeds.  
Al3Ti/Al composites 
Al3Ti content 
(vol%) 
Al3Ti size 
(µm) 
Aspect ratio of Al3Ti 
Average grain size 
(µm) 
1000 rpm/10 min 9.2 2.9 1.8 40 
4000 rpm10 min 9.7 4.4 1.9 38 
7000 rpm/10 min 10.0 5.8 2.0 36 
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The strengthening effects are from indirect and direct strengthening. Indirect 
strengthening includes grain refinement of the matrix and increase of the dislocation 
density due to the different coefficients of thermal expansion (CTE) the reinforcement 
and the matrix acting during the cooling process. The increased yield strength due to 
the decrease of the grain size of the Al matrix can be estimated via the modified 
Hall-Petch equation (2.19): 
 ∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ = 𝐾(
1
√𝑑𝑐
−
1
√𝑑𝑚
) (4.1) 
where dc and dm are the grain sizes in the center areas of the specimens for the 
composites and Al matrix, K is a constant, which equals 74 MPa µm1/2 for pure Al 
[162]. 
The contribution to the increase of yield strength ∆σCTE due to the different CTE 
between the Al3Ti particle and the Al matrix can be estimated according to the 
equations (2.20) and (2.21). Among the two equations, ∆CTE is 4.510-6 K-1 [11] [135] 
and ∆T = 250 °C [54], b is 0.286 nm for pure Al, the average Al3Ti particle size dp is 
from quantitative analysis, A = 1.25 [163], and G = 25 GPa. Therefore, the yield 
strength of the Al matrix 𝜎𝑚 after introducing the reinforcing particle Al3Ti can be 
estimated by: 
 𝜎𝑚 = 𝜎𝐴𝑙 + ∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ + ∆𝜎𝐶𝑇𝐸 (4.2) 
where 𝜎𝐴𝑙 is the yield strength of pure Al from the reference castings. 
Due to the excellent mechanical properties of the Al3Ti phase (high hardness, 
Young’s modulus and strength), these particles can also share the load during the 
deformation of Al3Ti/Al composites. This is designated as direct strengthening. 
According to the shear-lag equation (2.18), the calculated yield strength of Al3Ti/Al 
composites 𝜎𝑐𝑦  can be obtained. Therefore, the contribution owing to the direct 
strengthening (reinforcing particles) ∆𝜎𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 can be calculated by: 
 ∆𝜎𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 0.5 ∙ 𝜎𝑚 ∙ 𝑠 ∙ 𝑉𝑝 (4.3) 
where s and Vp are the aspect ratio and the volume fraction of the reinforcing particles, 
respectively.  
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Table 4.5 shows the total contribution of each strengthening mechanism, the 
calculated yield strength 𝜎𝑐𝑦, the measured tensile yield strength Rp0.2 (T), and the 
specific difference ∆(Rp0.2-σcy) between them. The main contribution to the increase of 
the yield strength results from ∆𝜎𝐶𝑇𝐸, followed by the direct strengthening and the 
refinement of grains. The calculated yield strength σcy is a little lower than the 
measured tensile yield strength Rp0.2(T) except for the 7000 rpm/10 min Al3Ti/Al 
composite, whose measured tensile yield strength (45.7 MPa) is much lower than the 
calculated measured value (53.4 MPa). This is due to an earlier fracture in the tensile 
test resulting from the high porosity (see Figure 4.43). 
Table 4.5 Measured tensile yield strength Rp0.2(T), calculated yield strength σcy and the total contribution 
of each strengthening mechanism to Al3Ti/Al composites.  
Material 
∆σHall-Petch 
(MPa) 
∆σCTE 
(MPa) 
∆σParticle 
(MPa) 
σcy 
(MPa) 
Rp0.2 (T) 
(MPa) 
∆(Rp0.2-σcy) 
(MPa) 
Pure Al ─ ─ ─ ─ 36.4 ─ 
1000 rpm/10 min 2.7 11.5 4.2 54.8 60.3 5.5 
4000 rpm/10 min 3.0 9.6 4.5 53.5 57.1 3.6 
7000 rpm/10 min 3.4 8.7 4.9 53.4 45.7 -7.7 
Figure 4.44 shows SEM micrographs of fracture surfaces of pure Al and Al3Ti/Al 
composites fabricated with various mixing speeds from tensile tests. Figure 4.44 a) 
shows the typical necking phenomenon of pure Al during the tensile test (see dashed 
red circles). Figure 4.44 b) shows the fracture surface of the 7000 rpm/10 min Al3Ti/Al 
composite. There are many large pores in the specimens (indicated with red dashed 
circles). Some of them are larger than 1 mm in diameter. The existence of many large 
pores leads to a significant decrease in tensile properties and elongation (see Figure 
4.42). The fracture surfaces of 1000 rpm/10 min and 4000 rpm/10 min Al3Ti/Al 
composites are shown in Figure 4.44 c) and d). The fracture patterns of the two types 
of Al3Ti/Al composites are both ductile since there are obvious dimples in the fracture 
surface. Moreover, the dimples in the 1000 rpm/10 min Al3Ti/Al composite are 
shallower than those in the 4000 rpm/10 min Al3Ti/Al composite, which indicates the 
ductility is not as good as for the 4000 rpm/10 min Al3Ti/Al composite. In addition, the 
magnified SEM in Figure 4.44 c) shows that apparent particle agglomerations occur, 
which is due to the low shear stress by using the mixing speed of 1000 rpm. Many 
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cracked Al3Ti particles are also found in the magnified SEM micrographs of Figure 
4.44 c) and d), which confirms the excellent interface bonding between Al3Ti particles 
and the Al matrix.  
 
Figure 4.44 SEM micrographs of the fracture surface: a) pure Al at a lower magnification; b) the 
7000 rpm/10 min Al3Ti/Al composite at a lower magnification; c), d) 1000 rpm/10 min and 4000 rpm/10 
min Al3Ti/Al composites at a higher magnification; e), f) longitudinal microstructures near the fracture 
surface. 
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The same results can be found in the longitudinal microstructure near the fracture 
surface of the 1000 rpm/10 min and 4000 rpm/10 min Al3Ti/Al composites, most of 
cracks are vertical to the tensile axis direction (see Figure 4.44 e and f). 
4.4.7 Summary 
The Al3Ti particle size increases with increasing mixing time and speed. There are 
severe clusters of Al3Ti particles by using the mixing speed of 1000 rpm to prepare 
Al3Ti/Al composites, which leads to a decrease in ductility during tensile tests. To 
avoid clustering and to enhance the homogeneity of the particle distribution, a higher 
mixing speed (4000 rpm or 7000 rpm) is necessary. Mixing the slurry with the speed of 
7000 rpm leads to intense air entrainment, which severely deteriorates tensile 
properties. Therefore, the mixing speed of 4000 rpm is the preferable mixing speed for 
preparing Al3Ti/Al composites in this work. 
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4.5 Al3Ti/Al composites with high particle contents 
The aim of this work is to improve Young’s modulus of the Al matrix and therefore 
preparing Al composites with a higher Al3Ti particle volume fraction is desirable. In this 
section, Al3Ti/Al composites are fabricated with different initial contents of Ti powder. 
The microstructures and mechanical properties of these Al3Ti/Al composites are 
characterized. 
4.5.1 Mixing strategy for high particle volume fraction Al composites 
According to the summary of the section 4.4.7, the mixing speed of 4000 rpm is 
preferable for preparing Al3Ti/Al composites. Considering the casting process, the 
fluidity of the slurry is important. The composite melt with solid particles is termed as 
shear thinning fluid [143], whose viscosity decreases with increasing strain rate. Thus, 
increasing the mixing speed can decrease the viscosity of the composite melt 
resulting from a high quantity of fine Al3Ti particles and thereby improve the melt 
fluidity. As a result, mixing the slurry for 1 min with a higher mixing speed of 7000 rpm 
before pouring may be a solution to improve the fluidity of the composite melt with a 
high viscosity. On this basis, the mixing strategy, 4000 rpm for 5 min plus 7000 rpm for 
1min was applied.  
Table 4.6 summarizes whether there is gas escaping for pure Al and the composite 
melt after mixing according to the above mixing strategy. Al-xTi denotes the amount 
(x wt%) of Ti powder. This mixing strategy is feasible for Al composites produced with 
less than 7.5 wt% Ti powder since in these cases no gas escapes. However, for 
Al3Ti/Al composite produced with 10 wt% Ti powder, the last step of the mixing 
strategy, 7000 rpm for 1 min, leads to an intensive air entrainment followed by the 
severe air escaping phenomenon after mixing as shown in Figure 4.45. Small bubbles 
flow to the surface of the melt after removing the mixer. Subsequently, gas escapes 
from the mixed composite melt continuously and brings the melt outside the crucible. 
Obvious pores are found in the solidified part.  
Figure 4.46 shows two cross sections of wedge samples of Al-10.0 Ti Al3Ti/Al 
composites (4000 rpm for 5 min + 7000 rpm for 1 min). There are many large pores in 
the specimen resulting from air entrainment. Thus, for the 10 wt% Ti powder addition, 
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mixing is only performed at 4000 rpm for 5 min (see Table 4.6). Therefore, further 
characterization is performed on the parameter set without the final mixing at 7000 
rpm.  
Table 4.6 State of the melt after mixing with different initial amounts of Ti powder with an average size 
of 27 µm. The initial melt temperature T0 = 720 °C.  
Material 
Mixing strategy 
Gas escaping Mold 
4000 rpm 5 min 7000 rpm 1 min 
Pure Al   No Bar-like cavities mold 
Al-2.5Ti   No Bar-like cavities mold 
Al-5.0Ti   No Bar-like cavities mold 
Al-7.5Ti   No Bar-like cavities mold 
Al-10.0Ti-W   Yes Wedge mold 
Al-10.0Ti   No Bar-like cavities mold 
 
Figure 4.45 Gas escaping phenomenon for the Al-10.0Ti-W Al composite prepared with the mixing 
strategy of 4000 rpm for 1 min combined with 7000 rpm for 1 min: (a) initial stage; (b) the melt shows 
foaming behavior even 30 s after stopping mixing.    
 
Figure 4.46 Cross sections of the Al-10.0Ti-W Al3Ti/Al composite. 
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4.5.2 Al3Ti particle volume fraction 
Figure 4.47 shows SEM micrographs of Al3Ti/Al composites produced with different 
initial contents of Ti powder.  
 
Figure 4.47 SEM micrographs of Al3Ti/Al composites produced with various initial contents of Ti powder 
with an average size of 27 µm. T0 = 720°C. Mixing strategy is shown in Table 4.6. 
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Accordingly, the measured and the theoretical Al3Ti particle volume fractions for the 
different parameters and the calculated conversion rates are shown in Figure 4.48. 
The volume fraction of the Al3Ti particle increases with increasing initial Ti powder 
addition, from 3.2 vol% (2.5 wt% Ti powder) to 17.1 vol% (10.0 wt% Ti powder). 
Moreover, the conversion rate of Ti powder increases with growing initial Ti powder 
content at the same mixing strategy. This can be attributed to a higher melt 
temperature due to a higher amount of Ti powder (see Figure 4.49), and thus the high 
melt temperature leads to an acceleration of the reaction rate. The conversion rate of 
the Al-10.0Ti composite (84%) is lower than that of the Al-7.5Ti composite due to the 
lack of the 7000 rpm/1min step. 
 
Figure 4.48 Quantitative analyzing results of the Al3Ti content and corresponding conversion rates of Ti 
powder of Al3Ti/Al composites produced with various initial contents of Ti powder with an average size 
of 27 µm. T0 = 720°C. Mixing strategy is shown in Table 4.6. 
 
Figure 4.49 Melt temperature as a function of mixing time after the introduction of different contents of 
Ti powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
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4.5.3 Al3Ti size and morphology  
Figure 4.50 shows SEM micrographs of Al3Ti particles in the matrix and corresponding 
quantitative analyzing results about the Al3Ti particle size and morphology.  
 
Figure 4.50 SEM micrographs of the Al3Ti particle in the Al matrix produced with different initial 
contents of Ti powder with an average size of 27 µm and the corresponding quantitative analyzing 
results of the Al3Ti size and morphology. T0 = 720 °C. Mixing strategy is shown in Table 4.6.  
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The average size of the Al3Ti particle increases with increasing initial Ti powder 
content. Correspondingly, the peak and the width of the distribution curve are shifted 
to the larger Al3Ti particle size. These results are due to the high melt temperature by 
applying a higher amount of Ti powder and the further growth of Al3Ti during the long 
mixing time, as discussed in section 4.2.3, 4.3.2 and 4.4.3. The aspect ratios of the 
formed Al3Ti particles are not dependent on the Ti particle content. 
4.5.4 Porosity 
Figure 4.51 a) shows the measured densities and porosities depending on the initial Ti 
contents. For the Al-10.0Ti Al3Ti/Al composite, the porosity (2.2%) is much larger than 
that of the others which are below 0.6%. Figure 4.51 b) exemplarily shows an X-ray 
computer tomography (CT) of the Al-10.0Ti Al3Ti/Al composite. There are apparent 
casting defects in the specimen that lead to the high porosity. This can be attributed to 
the high viscosity of the composite melt, which impedes the flow into the mold. 
 
Figure 4.51 Variation of the porosity (a) of Al3Ti/Al composites prepared with different initial contents of 
Ti powder with an average size of 27 µm and CT photograph of the 4th specimen of the Al-10.0Ti 
Al3Ti/Al composite (b). T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
4.5.5 Mechanical properties 
Young’s modulus 
The Young’s modulus of Al-based materials can be significantly increased by the 
addition of Al3Ti particles with higher Young’s modulus. Generally, Young’s modulus of 
Al3Ti/Al composites can be predicted by the Halpin-Tsai equation [13]. Among the 
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equations, the Young’s modulus of the matrix Em is 70 GPa for pure Al [11], and the 
Young’s modulus of the reinforcement Ep is 216 GPa for Al3Ti [164]. Figure 4.52 shows 
the measured Young’s moduli of pure Al and Al3Ti/Al composites produced with 
different Ti contents and the predicted values by the Halpin-Tsai equation with an 
aspect ratio s of 1.8. The Young’s modulus increases with increasing initial Ti content 
due to a higher quantity of Al3Ti particles. The Young’s moduli of all Al composites fit 
very well with the Halpin-Tsai curve except the Al-10.0Ti composite, which deviates 
from the predicted value. Among these Young’s moduli that agree well with the curve, 
the Al-7.5Ti Al composite shows a maximum Young’s modulus (83.4 GPa), an 
increase of around 20% compared to the Al matrix (69.9 GPa).  
The following equation [165] correlates Young’s modulus with the porosity: 
 𝐸0 = 𝐸/(1 − 𝑓1𝑝 + 𝑓2𝑝
2) (4.4) 
where p is the porosity, f1 and f2 are empirical parameters (f1 = 1.9 and f2 = 0.9) [165] 
and E and E0 are the Young’s modulus of the specimen with and without the pores. 
Figure 4.53 shows the corrected Young’s moduli of pure Al and Al3Ti/Al composites 
produced with different initial Ti powder contents. The corrected Young’s modulus of 
the Al-10.0Ti Al composite agrees well with the Halpin-Tsai equation as the other 
composites, which indicates that the high porosity is the main reason that deteriorates 
the Young’s modulus of Al composites.  
 
Figure 4.52 Young’s modulus of the Al3Ti/Al composite produced with various initial contents of Ti 
powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
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Figure 4.53 Corrected Young’s modulus of the Al3Ti/Al composite produced with various initial contents 
of Ti powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6.  
Tensile and compression properties 
Figure 4.54 shows the tensile test results of Al3Ti/Al composites fabricated with 
different initial contents of Ti powder according to the corresponding stress-strain 
curves as shown in Figure 4.55. Table 4.7 summarizes quantitative analysis results 
regarding the microstructure of the Al3Ti/Al composites to correlate with mechanical 
properties. The grain size of the composites can be achieved in Table B.3 in the 
Appendix B.  
 
Figure 4.54 Tensile test results of Al3Ti/Al composites produced with various initial contents of Ti 
powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
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Figure 4.55 Tensile stress-strain curves of pure Al and the Al3Ti/Al composite fabricated with different 
initial contents of Ti powder with an average size of 27 µm (a) and corresponding photographs of 
tensile test specimens before and after tensile tests (b). T0 = 720 °C. Mixing strategy is shown in Table 
4.6. 
Table 4.7 Summary of quantitative analysis results regarding the microstructure of Al3Ti/Al composites 
produced with various initial Ti contents. 
Al3Ti/Al 
composites 
Al3Ti content 
(vol%) 
Al3Ti size 
(µm) 
Aspect ratio of Al3Ti 
Average grain size 
(µm) 
Al-2.5Ti 3.2 3.8 1.9 37 
Al-5.0Ti 7.9 4.2 1.8 35 
Al-7.5Ti 13.9 4.9 1.8 36 
Al-10.0Ti 17.1 4.7 1.7 35 
The yield strength and tensile strength increase with increasing Al3Ti content. The 
Al-7.5Ti Al3Ti/Al composite shows the maximum yield strength (61.3 MPa) and tensile 
strength (117.9 MPa), increasing by 76% and 107% compared to pure Al. Inversely, 
the elongation is decreased with increasing Al3Ti content, from 33.0% (pure Al) to 15.1% 
(Al-7.5Ti Al composite). 
Figure 4.56 shows the compression stress-strain curve of the Al-10.0Ti Al3Ti/Al 
composite. The compression fracture does not occur during the whole deformation 
process up to 40 % due to excellent ductility of the type of Al composite. Therefore, 
compression tests were carried out with to a maximum strain of 20%, as shown in 
Figure 4.57 a). The compression yield strength is determined by a plastic strain of 0.2% 
as shown in Figure 4.57 b). Like in the tensile test, the compression yield strength 
increases with increasing Al3Ti content. The Al-10.0Ti Al3Ti/Al composite shows the 
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highest compression yield strength (73.4 MPa), which is improved by 87% comparing 
to pure Al (39.1 MPa). 
 
Figure 4.56 Compression stress-strain curve of the Al-10.0Ti Al3Ti/Al composite produced with 10 wt% 
Ti powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
 
Figure 4.57 Compression stress-strain curves and corresponding compression yield strength of pure Al 
and Al3Ti/Al composites produced with different initial contents of Ti powder with an average size of 27 
µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6.  
Table 4.8 shows the contribution of each strengthening mechanism, the calculated 
yield strength σcy, the measured tensile Rp0.2(T) and compression yield strength Rp0.2(C) 
as performed in section 4.4.6. 
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Table 4.8 Measured tensile and compression yield strength Rp0.2(T) and Rp0.2(C) and calculated yield 
strength σcy and the contribution of each strengthening mechanism to Al3Ti/Al composites. 
Material 
∆σHall-Petch 
(MPa) 
∆σCTE 
(MPa) 
∆σParticle 
(MPa) 
σcy 
(MPa) 
Rp0.2(T) 
(MPa) 
Rp0.2 (C) 
(MPa) 
Pure Al ─ ─ ─ ─ 34.8 37.1 
Al-2.5Ti 5.4 5.8 1.4 47.4 42.4 51.1 
Al-5.0Ti 5.8 8.7 3.5 52.8 54.3 60.3 
Al-7.5Ti 5.8 11.2 6.5 58.3 61.3 65.4 
Al-10.0Ti 5.8 12.8 7.8 61.2 ─ 73.4 
Figure 4.58 shows fracture surfaces of pure Al and Al3Ti/Al composites prepared with 
different initial contents of Ti powder. For pure Al, there are obviously deep and large 
dimples in the fracture surface. The three types of Al3Ti/Al composites also show 
dimples in the fracture surface, the fracture patterns are still ductile behavior. With 
increasing amount of added Ti powder, the dimples become shallower, which means 
the ductility gradually decreases. This result verifies well the change of elongation 
from the corresponding tensile stress-strain curves (see Figure 4.55). The magnified 
SEM micrographs in Figure 4.58 b), c) and d) show representative cracked Al3Ti 
particles in the dimples and evident brittle fracture patterns are found at the surfaces 
of the Al3Ti particles. Figure 4.58 e) and f) show the longitudinal microstructure near 
the fracture surface of the Al-2.5Ti and Al-7.5Ti Al3Ti/Al composites.  
According to the tensile and compression test results and the fracture surfaces, the 
Al3Ti/Al composites show ductile fracture pattern even with larger quantities of 
reinforcing Al3Ti particles. This firstly can be attributed to a homogeneous distribution 
of reinforcing particles reducing stress concentrations by applying the high shear 
stress to break up clusters of particles during fabrication. Furthermore, no particle 
pushing during the solidification process leads to reinforcing particles within grains 
rather than at the grain boundaries since the Al3Ti phase is a potent heterogeneous 
nucleus for the Al matrix, which restrains cracks from initiating prematurely at grain 
boundaries. Finally, the strong interface bonding due to a quite small lattice mismatch 
between the reinforcing phase Al3Ti and the matrix of Al results in transferring the load 
effectively during loading. 
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Figure 4.58 SEM micrographs of fracture surfaces: a) pure Al; b) Al-2.5Ti Al3Ti/Al composite; c) Al-5.0Ti 
Al3Ti/Al composite; d) Al-7.5Ti Al3Ti/Al composite; e), f) longitudinal microstructures near the fracture 
surface of the Al-2.5Ti and Al-7.5Ti Al3Ti/Al composites. 
Hardness 
Figure 4.59 shows the hardness of pure Al and Al3Ti/Al composites produced with 
different initial contents of Ti powder. The measurements were carried out with 
different loads. For both applied loads, the hardness increases with increasing Ti 
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particle content due to higher quantities of hard Al3Ti particles and refined grains. An 
increase of 100% in the hardness is obtained compared to pure Al by the addition of 
10 wt% Ti powder. Furthermore, there is no obvious fluctuation of the measured 
microhardness values (HV 0.5) for each Al composite group, which indicates that the 
particle distributions are homogeneous.  
 
Figure 4.59 Hardness of pure Al and the Al3Ti/Al composite produced with different initial contents of Ti 
powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
4.5.6 Summary 
The mixing strategy of 4000 rpm for 5 min combined with 7000 rpm for 1 min is 
appropriate for Al3Ti/Al composites produced with up to 7.5 wt% of Ti particles. For the 
Al-10.0Ti-W Al3Ti/Al composite, the last step of 7000 rpm for 1 min in the mixing 
strategy leads to the intensive air entrainment. Therefore, the modified mixing strategy 
of 4000 rpm for 5 min is more reasonable for Ti content of 10 wt%. In addition, the 
high viscosity of the Al-10.0 Al3Ti/Al composite slurry negatively affects the filling of 
the slurry into the mold, which leads to apparent casting defects and a high porosity in 
final castings. Young’s modulus, tensile and compression properties are enhanced 
due to a homogeneous distribution of reinforcing particles and grain refinement of the 
Al matrix. 
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5 Conclusions and outlook 
In this work, in-situ Al3Ti/Al composites were prepared by the reaction between Ti 
powder and Al melt using a rotor-stator high shear mixer. The microstructure and the 
mechanical properties were characterized. 
In-situ Al3Ti/Al composites with a reasonable size and morphology of the reinforcing 
particle Al3Ti have been successfully prepared using a high shear mixer. Compared to 
a conventional four-bladed mixer, the reaction rate increases since the high shear 
stress peels off the formed Al3Ti particles efficiently and clears the space for the 
further reaction. Therefore, the high shear technology is suitable for preparing this 
type of composites. 
Hydrogen-dehydrogen (HDH) Ti powder is a better option as the starting material for 
preparing Al3Ti/Al composites compared to gas atomized Ti powder due to its high 
specific surface area. This feature of HDH Ti powder leads to a higher reaction rate, 
which means at the same processing parameters, gas atomized Ti powder needs a 
longer reaction time to complete the reaction with Al melt. 
Ti powder with a smaller initial size leads to a higher reaction rate, also due to a higher 
specific area, which shortens the reaction time. Particle sedimentation occurs using 
large Ti powder at a short mixing time. The Al3Ti particle size increases with 
increasing mixing time due to a continuous increase of the melt temperature by the 
exothermal reaction and the further growth of Al3Ti particles during a long-time mixing 
process. The long-time mixing process also leads to a high porosity within the 
castings. 
The high shear stress provided by the high shear mixer can obviously break up 
clusters of the formed Al3Ti particles and increases the reaction rate. However, a high 
mixing speed leads to an intensive air entrainment. According to the results, a mixing 
speed of 7000 rpm causes much more air entrainment than 4000 rpm. The 
homogeneity of the formed Al3Ti particle distribution is nearly the same for mixing 
speeds of 4000 rpm and 7000 rpm. Therefore, the mixing speed of 4000 rpm is 
identified as best for preparing Al3Ti/Al composites. 
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Al3Ti/Al composites with a high Al3Ti particle volume fraction could be successfully 
prepared. An Al-14 vol% Al3Ti composite with low porosity was produced with the 
conventional permanent casting method. However, the porosity of the Al-17 vol% Al3Ti 
composite is quite high since the high viscosity of the composite melt affects the filling 
process of the melt into the mold.  
The mechanical properties of Al3Ti/Al composites are apparently improved due to 
grain refinement and particle reinforcement. With 14 vol% Al3Ti particles, the Young’s 
modulus was increased by about 20% from 69.9 to 83.2 GPa. The tensile, and 
compression strength and hardness are enhanced. Moreover, the fracture pattern is 
still ductile, although a high quantity of brittle hard intermetallic Al3Ti particles are 
introduced into the matrix. This can be attributed to the excellent interface bonding 
strength between the reinforcement and the matrix combined with a homogeneous 
distribution of the reinforcing particles. 
For future work, more effort should be put on the control of the melt temperature, 
which has a significant influence on the microstructure and thus on the mechanical 
properties. Furthermore, an advanced casting method is necessary for casting Al3Ti/Al 
composites with high particle contents since the issue of the composite melt with a 
quite high viscosity needs to be overcome. High pressure die casting (HPDC) would 
be a possible method. In addition, an Al alloy should be utilized as starting matrix 
material instead of pure Al as with alloys there is a great potential to achieve even 
better mechanical properties. 
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Appendix 
A List of symbols and abbreviations 
Symbol Description 
a Lattice parameter 
a0 Atomic diameter of liquid metal 
an Lattice parameter of the nucleated phase 
as Lattice parameter of the substrate particle 
A Elongation 
A a constant for increased yield strength due to different CTE 
Ai area percentage of particles in the i th cell 
Amean average area percentage of particles of the total cells 
b Burgers vector 
c Lattice parameter 
d Grain size 
dc Average grain size of the Al3Ti composite 
dm Average grain size of the Al matrix 
dp Diameter of the reinforcing particle 
D Diffusion coefficient 
E Young’s modulus 
E0 Young’s modulus without porosity 
Ec Young’s modulus of the composite 
Em Young’s modulus of the matrix 
Ep Young’s modulus of the particle 
f Resonance frequency during IET measurement 
f1 Empirical parameter for correcting Young’s modulus 
f2 Empirical parameter for correcting Young’s modulus 
fb Average binding force of a single bond 
g Gravity acceleration 
G Shear modulus 
k Boltzmann constant 
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k Hall-petch material constant 
?̅? Average intercepted length 
L Latent heat of fusion 
L Length of the specimen for Young’s modulus measurement 
L Total length of test lines in the interception method 
m Mass of the specimen for Young’s modulus measurement 
n Experimental constant for modified Stoke’s velocity 
n A positive number for calculating the critical velocity of liquid/solid interface 
nb Average number of bonds per particle 
N The number of intercepted grains 
p Porosity 
q Sum of the studied cells for quadrat method 
r Radius of the reinforcing particle 
Rm Tensile strength 
Rp0.2(C) Compression yield strength 
Rp0.2(T) Tensile yield strength 
s Aspect ratio of the reinforcing particle 
t Thickness of the specimen for Young’s modulus measurement 
tm Mixing time 
T Temperature 
T A correction factor for IET 
T0 Initial melt temperature 
v Stoke’s settlement velocity 
vc Growth critical velocity of solid/liquid interface 
vh Modified settlement velocity of stokes 
vm Mixing speed 
V0 Atomic volume of the liquid metal 
Vm Volume fraction of the matrix 
Vp Volume fraction of the reinforcing particle 
w Width of the specimen for Young’s modulus measurement 
β Skewness of measured area percentages in the grids 
γpl Interfacial energy between particle and liquid 
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γps Interfacial energy between particle and solid 
γsl Interfacial energy between solid and liquid 
δ Lattice mismatch degree 
θ Contact angle 
μ Coefficient friction 
μc Viscosity of the composite melt 
ξ An adjust parameter of the Halpin-Tsai equation 
ρl Density of a liquid 
ρm Density of the matrix 
ρp Density of a particle 
ρr Real density of the composite 
ρt Theoretical density of the composite 
ρth Increased dislocation density due to different CTE 
σ Standard deviation of all area percentages using the quadrat method 
σ0 Hall-Petch material constant 
σAl Yield strength of pure Al 
σcy Calculated yield strength of the composite 
σHall-Petch Calculated yield strength via Hall-Petch relationship 
σinterface Interface strength of matrix/particle 
σm Calculated yield strength of the matrix 
σp Particle strength 
σr Radial gripping stress 
τc Adhesive strength of agglomerated particles 
τi Interfacial shear strength 
∆CTE Difference of the CTE between the reinforcing particles and the matrix 
∆𝑮𝒉𝒆
∗  Heterogeneous nucleation energy 
∆𝑮𝒉𝒐
∗  Homogeneous nucleation energy 
∆(Rp0.2-σcy) Difference between calculated and measured yield strength 
∆T Change of temperature 
∆σCTE Contribution of different CTE to the increase of yield strength 
∆σHall-Petch Contribution of grain refinement to the increase of yield strength 
∆σParticle Contribution of direct strengthening to the increase of yield strength 
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Abbreviations Description 
At% Atomic percentage 
BESD Back Scattered Electron Detector 
CT Computer Tomography 
CTE Coefficient of Thermal Expansion 
DSC Diffraction Scan Calorimetry 
EDX Energy Dispersive X-Ray Analysis 
ETD Everhart-Thornley Detector 
FMMCs Fiber reinforced Metal Matrix Composites 
FSP Friction Stirring Processing 
HDH Hydrogen-dehydrogen 
HRTEM High Resolution Transmission Electron Microscopy 
IET Impulse Excitation Technique 
MA Mechanical Alloying 
MMCs Metal Matrix Composites 
MS Mass Spectroscopy 
OM Optical Microscopy 
OPS Oxide Polishing Suspension 
PAMCs Particle reinforced Al Matrix Composites 
PMMCs Particle reinforced Metal Matrix Composites 
RT Room Temperature 
SEM Scan Electron Microscopy 
TEM Transmission Electron Microscopy 
TGA Thermal Gravity Analysis 
Vol% Volume percentage 
Wt% Weight percentage 
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B Supplementary experimental data 
 
Figure B.1 EDX spectrums of different phases in Al3Ti/Al composites: a) Al3Ti; b) Ti; c) Al 
 
Figure B.2 Measured Young’s moduli a) and corrected Young’s moduli b) of Al3Ti/Al composites 
fabricated with various mixing times and Ti particles of different initial sizes. 5 wt% HDH Ti powder was 
the starting material. The mixing speed vm = 7000 rpm and the melt temperature T0 = 720 °C. 
 
Figure B.3 Measured Young’s moduli a) and corrected Young’s moduli b) of Al3Ti/Al composites 
prepared with different mixing times and speeds. 5 wt% HDH Ti powder with an average size of 27 µm 
was the starting material. T0 = 720 °C. 
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Figure B.4 Optical micrographs from the center areas of Al3Ti/Al composites produced with various 
mixing times and Ti particles of different initial sizes. 5 wt% HDH Ti powder was the starting material. 
The mixing speed vm = 7000 rpm and the melt temperature T0 = 720 °C. 
Table B.1 Grain size and ASTM grain size number of pure Al and different Al3Ti/Al composites. 
 Average grain size (µm) ASTM grain size number 
Pure Al 83  69 (67  42) a 4 
27 µm/5 min 39  20 6 
27 µm/10 min 36  16 6 
27 µm/15 min/ W ─ ─ 
49 µm/5 min 39  21 6 
49 µm/10 min 36  19 6 
49 µm/15 min 37  18 6 
81 µm/5 min 45  27 6 
81 µm/10 min 35  17 6 
81 µm/15 min 36  18 6 
a:The data in the bracket represents the average grain size in the center area of pure Al specimen, 
which is applied for calculating the contribution of grain refinement in section 4.4.6 and 4.5.5. This is 
because the tensile specimen is obtained in the center of the casting and the distribution of grain size is 
not homogeneous. 
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Figure B.5 Optical micrographs from the central areas of Al3Ti/Al composites prepared with different 
mixing times and speeds. 5 wt% HDH Ti powder with an average size of 27 µm was the starting 
material. T0 = 720 °C. 
Table B.2 Grain size and ASTM grain size number of pure Al and different Al3Ti/Al composites. 
 Average grain size (µm) ASTM grain size number 
Pure Al 83  69 (67  42) a 4 
1000 rpm/5 min 43  23 6 
1000 rpm/10 min 40  18 6 
1000 rpm/15 min 38  20 6 
4000 rpm/5 min 40  21 6 
4000 rpm/10 min 38  19 6 
4000 rpm/15 min/ W ─ ─ 
7000 rpm/5 min 39  20 6 
7000 rpm/10 min 36  16 6 
7000 rpm/15 min/ W ─ ─ 
a: the same reason as mentioned in Table B.1. 
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Figure B.6 Optical micrographs of pure Al and Al3Ti composites produced with different initial contents 
of Ti powder with an average size of 27 µm. T0 = 720 °C. Mixing strategy is shown in Table 4.6. 
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Table B.3 Grain size and ASTM grain size number of pure Al and Al3Ti/Al composites produced with 
different initial contents of Ti powder. 
 Average grain size (µm) ASTM grain size number 
Pure Al 148  136 (121  75) a 2 
Al-2.5Ti 37  18 6 
Al-5.0Ti 35  17 6 
Al-7.5Ti 36  17 6 
Al-10.0Ti 35  17 6 
a: the same reason as mentioned in Table B.1. 
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